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ABSTRACT 
 
APRIL LATOYA RHODELLA HOLLAND: Single-Channel Recording of Biological 
Targets using Surface Modified Nanochannels 
(Under the direction of J. Michael Ramsey) 
 
The present work describes surface modification techniques used to enhance 
nanofluidic sensing of biological targets.  Nanofluidic sensors enable rapid, label-free 
sensing of biological targets often with single molecule sensitivity.  The high surface-to-
volume ratio of these devices encourages surface interactions, often enabling control of 
the signal transduction.  Nanofluidic devices have been fabricated within silicon-based 
substrates which enable batch processing, compatibility with biological targets, and 
flexibility in surface modification.  Solid-state platform also afford control of the critical 
dimensions of the nanometric devices. 
The label-free, conductometric sensing abilities of nanopore devices have 
potential for single molecule genomic sequencing with long read lengths.  The rapid 
nature of polynucleic acid transport through solid-state nanopores (10 s/base) have, 
however, limited the resolution with which adjacent nucleotides can be accurately 
resolved.  The present work has surveyed hydrophobic surface functionalization as a 
means to reduce DNA translocation velocity within solid-state nanopores.  Within these 
modified nanopores, DNA molecules induced ionic conductance perturbations exceeding 
the expected amplitude based upon a rigid rod model often used to describe single 
molecule transport through cylindrical nanopores.  Electron energy loss spectroscopy was 
 iv 
used to confirm the localized deposition of hydrophobic surface coatings within 
nanoconfined environments.   
Affinity binding probes were also used to demonstrate nanofluidic biosensing 
capability.  The streptavidin – biotin bond was used as a model system because of its high 
binding affinity, fast reaction kinetics, and prevalent use in sandwich assays.  Specific 
capture of the target analyte was demonstrated in both nanopores (nanometric in three 
dimensions) and nanoslit devices (nanometric in one dimension).  Subsequent release and 
repeat capture was demonstrated, extending the lifetime of the device without 
cumbersome re-coating steps.  Observation of the targeted capture in real-time has been 
used to further understand signal transduction and reaction kinetics of proteins in 
nanoconfined environments.   
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CHAPTER 1 
SINGLE CHANNEL RECORDING IN SOLID-STATE  
NANOPORES AND NANOCHANNELS 
1.1 Single Channel Recording 
Nanofluidic devices enable sensing capabilities not observed in microfluidic 
platforms.  These sensing abilities arise because the critical dimensions of nanofluidic 
devices are commensurate with the electrical double layer (EDL), diffusion length scales 
of small molecules, and molecular dimensions of biological macromolecules.
1-5
  
Additionally, hydrodynamic interactions and long-range electrostatic forces
6
 that could 
be neglected in macroscale environments are often enhanced within nanoconfined 
spaces.
7,8
  These enhancements enable nanofluidic technologies to be used for a number 
of applications including molecular separation, template synthesis, and biosensing and 
manipulation.
9-15
  While there are a number of nanofluidic tools, one particularly 
sensitive method is single channel recording.   
Built on the seminal work of Erwin Neher and Bert Sakmann (Nobel Prize 
1991),
16
 patch clamp single channel experiments monitor sensitive current fluctuations 
(often picoamperes in magnitude) across cellular membranes.  The basic components of a 
patch clamp design are illustrated in Figure 1.1-A.  A “patch” of the cellular membrane is 
pulled into the glass pipette tip using gentle vacuum, creating a high resistance seal (> 1 
G) against the cellular membrane.  The patch area contains one or multiple 
transmembrane nanometric ion channels.  If these ion channels are in an open state, ions 
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can migrate through them and induce an ionic current.  This current passes through an 
electrolyte solution and is detected and amplified.  Perturbations in the open pore, or 
quiescent, conductance arise in response to a change in the ion channel’s state (i.e., open 
or closed) or the transport of an analyte other than the sensing ions passing through the 
ion channel.  Because signals are typically picoamperes in strength, the gigaohm or better 
seal is critical for isolating ion channel signals from electrical background noise due to 
leakage current.
17
  With a high-quality seal and modern electronics, it is routinely 
possible to detect single molecules of analyte passing through the ion channels. 
Under certain conditions, the gigaohm seal between the membrane and the pipette 
can withstand electrical and mechanical manipulation, enabling a number of patch clamp 
configurations.
17,18
  Figure 1.1-B illustrates a cell whose membrane has been ruptured 
using an electrical or vacuum pulse.  Using a sufficiently small cell (diameter < 10 m), 
ion channel conductance can be averaged across the cell membrane.  The average can 
then be used to determine the relative importance and role of a given type of ion channel 
within the cell.
19
  Alternatively, a patch of membrane can be excised from the cell to form 
independent membrane experiments.  These designs allow channels to be characterized 
independent of cellular function (Figure 1.1-C).
17,19
  In each of these configurations, the 
ability to maintain a > 1 G seal between the membrane and the pipette is necessary for 
sensitive picoampere measurements across the ion channel.   
Isolated biological ion channels may also be implanted within artificial lipid 
bilayer films for cell-free analysis.
20
  Controlled suspensions of thin lipid bilayers also 
alleviate the need for pipette holders.  Shown in Figure 1.2-A, a solid-state support is 
used to partition two reservoirs of electrolyte buffer.  A gigaohm or better seal is formed 
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between the lipid bilayer and the solid support isolating the two reservoirs from leakage 
currents.  The implanted protein creates a nanometric channel across the membrane 
capable of sensitive picoampere detection of analyte molecules that pass through the 
channel.  The presence of an analyte within the channel is detected as a transient current 
response having a profile dependent on the analyte’s size and charge, as discussed in 
detail in Section 1.4 below. 
The most commonly implanted protein is the heptameric pore complex, -
hemolysin (Figure 1.2-B).  Naturally expressed by Staphylococcus aureus, -hemolysin 
spontaneously inserts itself within the outer membrane of susceptible cells.  Uninhibited 
transmembrane transport exposes the cell to ionic gradient changes and irreversible 
osmotic swelling that eventually leads to cellular death.
21
  However, within these lipid 
films this non-gating pore provides a stable quiescent conductance capable of single 
molecule detection of macromolecules such as DNA.   
The use of -hemolysin for rapid, label-free genomic sequencing was first 
proposed in the mid-1990s.
22,23
  Using this device, oligomers of ss-DNA were extended 
and linearly driven through the 1.5 nm -hemolysin aperture.  Conductometric sensing 
provided label-free detection that offered information about the analyte based on relative 
size, charge, and surface interaction of the polymer within the channel.  The ability of 
these nanopores to manipulate and sense single molecules of DNA and discriminate 
between homopolymers of ss-DNA offered early promise of developing a new 
sequencing platform.
24,25
  However, -hemolysin nanopores have been limited by a 
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number of temporal and geometric resolution constraints, which make it difficult to 
distinguish individual nucleotide signatures without significant additional engineering.
26
 
While its size and structure make -hemolysin particularly well suited for 
interrogating ss-DNA, it is not necessarily optimal for characterizing other analytes.  Site-
specific protein modifications have provided a means to circumvent some of these 
resolution issues and offer a method for sensing analytes to which the native -hemolysin 
structure is not amenable.  Engineered -hemolysin analogues have demonstrated single 
molecule detection for a number analytes including trinitrotoluene (TNT),
27
 some organic 
molecules,
28
 and individual nucleotides.
29
  Alternative protein channels have also been 
modified to reduce gating response and detect target molecules.
30,31
  However, genetic 
modification of biological ion channels for individual applications requires rigorous 
development, which may be avoided through the use of solid-state nanopores. 
Advancements in nanofabrication techniques have led to the development of 
solid-state mimics, which offer greater versatility in channel dimensions, more 
straightforward surface modification, and greater environmental stability than their 
biological predecessors.
32-34
  Solid-state nanofluidic devices have also been developed 
using an assortment of platforms and techniques affording diversity in the size, geometric 
profile, and surface functional groups.
35
  This broad range of platforms increases the 
range of possible analytes that can be observed.
36-40
  One method of fabricating these 
devices is to use a focused beam of charged particles (electrons or ions) to sputter 
nanometric features through thin insulting films (Figure 1.3-A).
41
  This method is capable 
of producing sub 5-nm features through thin silicon oxide or nitride membranes 
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suspended across silicon supports (Figure 1.3-B).
1,42,43
  Silicon-based substrates are 
frequently used for the fabrication of micro- and nanofluidics because they have high 
processibility, compatibility with biological analytes, and flexibility in surface 
modification.
44,45
  Furthermore, modifications of these surface groups can be used to 
subtly tune interactions with analytes, enabling the alteration of analyte mobility or the 
selective capture of target analytes.   
1.2 The Electric Double Layer 
Silicon substrates stored in ambient laboratory conditions undergo oxidation, thus 
forming a thin native oxide film at the surface.
44
  In solution, this surface is negatively 
charged at neutral pH due to the dissociation of the silanol protons (Equation 1.1).
46
   
SiOH  SiO- + H+,  pKa 4.7    (1.1)  
As shown in Figure 1.4-A, counterions are electrostatically attracted to the surface.  The 
ions align in a manner analogous to a capacitor to form the electrical double layer which 
can be used to regulate electrokinetic phenomena such as electroosmosis and streaming 
currents.
47,48
 
Surface induced electrostatic forces decay in a pseudo exponential manner with a 
distance known as the Debye length.  Beyond the Debye length, surface charge is 
effectively screened and charge carriers diffuse freely.  The ability to screen this charge 
scales as a function of the ionic strength of the electrolyte solution.
49
  In high ionic 
strength solutions (high ), the EDL decays rapidly, solution conductivity resembles bulk 
properties, and ionic flux is dictated by the volumetric constraint of the channel 
dimensions.  Conversely, in low ionic strength solutions (low ) the EDL can extend 
several nanometers into the solution.  The critical dimensions of nanofluidic devices are 
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commensurate with the Debye length, creating sensing environments not observed in 
progenitor microfluidic systems.   
1.3 Nanoconfined Environments 
Under certain conditions, nanoconfined environments induce hydrodynamic and 
ion mobility characteristics that differ from bulk solution properties.
8,50,51
  Confinement-
induced intermolecular forces coupled with fluid-wall interactions have been shown to 
decrease analyte diffusion, increase fluid viscosity,
52
 decrease hydrodynamic friction,
51
 
and cause a displacement of gas-transition pressure (a phenomenon known as capillary 
condensation).
53
  Growing interest in these nanoconfined environments has spurred 
investigations into more refined models that can account for confinement-induced 
properties.
4,5,7,54-59
   
Navier-Stokes and Poisson-Boltzmann equations have been used to model fluid 
dynamics and surface charge effects in microfluidic or larger systems.  However, the 
limitations to these models become apparent as one approaches nanoconfined 
spaces.
3,46,57
  Navier-Stokes continuum models become invalid in nanoconfined spaces 
due to the strong inhomogeneity in the fluid density near the wall of the nanochannel.
7
  
Contrary to bulk solution properties, nanoconfined spaces have been shown to induce 
fluid-wall interactions that affect solution viscosity and hydrodynamic flow and that are 
not explained by Navier-Stokes equations.
8,60
   
Particular attention has been placed on the coulombic interactions of the opposing 
planes within the nanochannel.
50,56,61-67
  Monte Carlo simulations of high charge density 
planes in close proximity (< 4 nm) have shown ion-ion attractions can overcome similar 
charge repulsion.
68
  Steric repulsion of the charged ions due to the finite size of the ion 
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contributes to ion dispersion in a manner not described by the Poisson-Boltzmann 
equation.
47
  While molecular dynamics and Monte Carlo simulations are among the most 
powerful tools for describing these fluidic dynamics, they can be computationally costly.
7
  
As a result, simpler models have been proposed.
58
  However, experimental confirmation 
of the validity of these nanoconfined effects is critical for a quantitative understanding of 
conductometric devices.   
1.4 Channel Conductance 
Ohmic Behavior 
Conductometric sensing using nanofluidic devices depends on first characterizing 
the quiescent ionic conductance.  The simplest conductance profile is observed when ion 
transport is equivalent under both forward and reverse bias.  Ohm’s law (V = IR) can 
then be used to characterize the channel conductance.  Figure 1.5 illustrates this ideal 
ohmic condition. In the absence of alternating current, it can be modeled as a circuit of 
three resisters in series, where Rn is the pore resistance and Ra is the access resistance.  
Access resistance accounts for the convergent and divergent ionic pathways at the 
entrance and exit of the channel, which can affect the actual voltage dropped across the 
nanochannel (Vn).
69
  Ohmic behavior can be expected from nanochannels with geometric 
and chemical symmetry, as well as, symmetry in cation and anion concentration and 
electrokinetic mobility.  Potassium chloride is a commonly used electrolyte because the 
mobility of the individual ions approach this ideal case.
64
   
Rectifying Behavior 
Asymmetrical devices are also capable of sensitive conductometric detection.
70-74
  
Asymmetries in the geometry
75-78
 or surface charge
79
 of the nanochannel cause non-linear 
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I-V curves known as current rectification.  Current rectification occurs when ions exhibit 
dissimmilar conductivity when biased by a potential of the same magnitude but opposite 
polarity.   
Current rectification has been well documented in the characterization of nuclear 
track etched nanochannels.
59,75,79-81
  Using low dose alpha particles, a single particle is 
transmitted through a polymer film, often poly(ethylene terephthalate) (PET).  To create a 
conical nanochannel, the latent track is etched from a single side while the 
transmembrane conductance is monitored to regulate the nanochannel dimensions.  In 
conical nanochannels with negatively charged surfaces, conductance is higher when 
cations are driven from nanochannel tip to base (and anions are driven from base to tip).  
Several competing theories have been proposed to explain the phenomenon, including 
models based on ratcheting mechanism, electrostatic traps, or tip electrochemistry.
78
  The 
difference between the forward and reverse flow paths can be quantified using a current 
rectification coefficient, Q = |I(V-)/I(V+)|,
59
 and has been studied for a range of 
nanochannel sizes and electrolyte concentrations.
75,77,78,82
   
While asymmetries are inherent to certain fabrication methods, geometric 
asymmetries have also been produced using localized surface coatings.  Hou et al. have 
demonstrated controlled rectification by depositing two different polymer films on 
opposite sides of a nanochannel.
83
  Using the pH and temperature sensitivity of poly(N-
isopropylacrylamide) and poly(acrylic acid), the polymer films were independently 
extended and retracted to alter the vacancy of the nanochannel and thereby control the 
direction and degree of current rectification.  Asymmetrical channels often result in 
asymmetrical analyte induced perturbations due to the enhanced sensitivity of the 
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nanopore at the tip of the channel versus the wider portions of the channel.  Former 
knowledge of channel geometry and current rectification is critical in differentiating 
asymmetrical analyte induced perturbations from asymmetries inherent to the channel 
dimensions.   
Analyte Induced Perturbations 
Driven by concentration or voltage gradients, analytes enter the nanometric 
sensing region and induce signature perturbations in the quiescent conductance.  As 
suggested previously, the profile of this response will depend on a number of factors 
including solution properties and the properties of the analyte relative to the channel.  To 
understand this relative response, we first examine the factors that dictate channel 
conductance.  Equation 1.2 describes the conductance of univalent ions through a 
nanochannel, 
  
  
  
          
  
  
    (1.2) 
 
          High     Low  
where  is the bulk solution conductivity; An, ln, and wn are the nanochannel’s cross-
sectional area, length, and width respectively; opp represents the counterion mobility; |s| 
is the magnitude of the surface charge density, and  is the ionic strength of the buffer.64  
From Equation 1.2, the volumetric and surface charge contributions to conductance are 
seen to dominate in high conductivity and low conductivity electrolytes, respectively.   
In high ionic strength buffer, the conductance is dependent upon the geometric 
constraint of the nanochannel.  Analyte molecules entering the channel will occupy a 
portion of the nanofluidic volume, displacing background electrolyte ions.  Assuming the 
analyte migrates more slowly than the displaced ions (true for biological 
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macromolecules), a decrease in conductance will be observed as total ion flux is 
reduced.
26
  The signal magnitude will scale with size of the analyte, relative to that of the 
nanochannel.    
Similar to Coulter counters,
84
 nanochannel conductance may be monitored in real 
time to interrogate analytes stochastically traversing the nanochannel.  Nanofluidic 
devices have demonstrated single molecule detection capabilities providing 
conformational information
85
 of polyelectrolytes (such as ss-DNA
86
 and ds-DNA
87-89
).  
Using a transmembrane potential, lambda phage ds-DNA molecules were 
electrophoretically driven through a nanopore (Figure 1.6-A).  In a solution of 1 M KCl, 
volumetric constraints of the channel are the dominate contributor to channel 
conductance.  The temporary occupation of the pore by the ds-DNA perturbs the 
quiescent ionic flux causing a temporary suppression of the current (Figure 1.6-A, inset). 
Conversely, in low ionic strength solutions, surface charge effects dominate 
channel conductance.  Fan et al. observed transient enhancement events due to -DNA 
molecules passing through a 50 nm diameter inorganic nanotube in 0.5 M KCl buffer.
90
  
Similar to charged surfaces, charged analytes also attract counterions.  As the charged 
analyte enters the nanofluidic region, the associated counterions (which have higher 
mobility than the DNA) are introduced to the nanometric pore interior, increasing the ion 
concentration and flux and produceenhancement translocation events.  In principle, event 
signatures (based on the size, charge, and surface interaction) and the concentration 
dependent frequency of the these events could be used to simultaneous detect multiple 
analytes.
34
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High surface to volume ratios also enable analytes to be captured within 
nanochannel devices.  In these cases, the conductance of the channel is monitored and 
compared to the conductance prior to capture.  Figure 1.6-B demonstrates an 
enhancement of the conductance due to the capture of streptavidin molecules in a 
nanochannel with biotin functionalized walls.  In low ionic strength buffer, the capture of 
charged streptavidin (-1.6 e at pH 7)
91
 increases the surface charge density, enhancing 
conductance.  The relative difference between the pre- and post-capture I-V curves can be 
related to analyte concentration and reaction time.
92
  Due to the progressive accumulation 
of analyte on the surface and the high surface-to-volume ratio of these channels, this 
method could prove useful for analytes found in low concentration (10
-9
 M range) such as 
hormones and serum components.
93
  
1.5 Scope of Dissertation 
Conductometric sensing using solid-state platforms enables rapid, label-free 
detection with the potential for lower experimental cost
24,94,95
 and integration with other 
technologies.
96,97
  The aims of this research were to evaluate and employ surface 
modifications within solid-sate nanopores and nanochannels to enhance analyte response 
and capture.  Surface modified devices were employed as both stochastic and surface 
capture sensors. 
DNA Manipulation 
Single molecule detection of DNA has been demonstrated using both biological 
and solid-state nanopores.
24,25,98-100
  In these experiments, DNA molecules are threaded 
through the pore and the resulting current perturbations are characteristic of interactions 
between the channel and nucleotide structures.  The ability to manipulate and probe a 
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molecule whose genetic information is intrinsically organized along the molecule’s 
length has potential as a sequencing platform.  Solid-state nanopores provide rapid, label-
free detection with long read lengths.  However, the rapid nature of these translocation 
events ( 10-6 s/ bp),101 presents a challenge for achieving temporal resolution of the 
individual bases.  High surface to volume ratios within these nanochannels provide 
opportunities for reducing analyte transit.  Surface induced retention of the analyte within 
the channel could reduce the translocation velocity and provide more time for 
interrogating individual bases.   
Within this work, solid-state nanofluidic surfaces were chemically modified to 
promote greater surface interactions and reduce the translocation velocity of ds-DNA.  
Because stochastic sensors evaluate transient events, surface coatings were evaluated on 
their ability to increase the duration of DNA events, without inhibiting capture or 
resulting in irreversible adsorption of the analyte within the nanofluidic device.  
Target Analyte Capture 
Biosensing capabilities within nanoconfined environments have potential for fast 
reaction kinetics and high sensitivity.  Using conductometric sensing similar to that 
demonstrated in Figure 1.6-B, Karnik et al. have demonstrated specific capture of 
streptavidin (-1.61 e at pH 7)
91
 within a nanofluidic device.
15
  The negatively charged 
streptavidin increased the surface charge density (s), and thereby the overall 
conductance.  The opposite effect was observed in high ionic strength buffer, 
demonstrating the sensitivity of these nanofluidic devices to volumetric effects as well.  
Previous studies have demonstrated surface capture effects after extended incubation 
times with the target analyte.  Unbound protein was rinsed away with buffer, and the 
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conductance compared to the channel conductance prior to analyte introduction.
15,92
  
Using this steady-state comparison of the conductance (no analyte in free solution), these 
reports provide no kinetic information about complex formation within nanoconfined 
environments.  Additionally, repetition of these experiments requires cumbersome 
recoating procedures. 
Within the present work, surface modification has been used to monitor formation 
of the avidin – biotin complex in real-time, and demonstrate the ability to regenerate the 
probe surface for reuse.  Streptavidin and avidin-derivatives have been used in a number 
of sandwich assays to indirectly determine the presence of target molecules.
102,103
  Within 
this work, the high affinity avidin-biotin complex formation was used to exhibit the 
specificity of the conductance response.  Controlled dissociation of the complex provides 
a capture and release protocol with potential utility for indirect sandwich assays.   
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1.6 Figures 
 
FIGURE 1.1: Patch clamp recording configurations.  A.) Basic patch clamp experiments 
create a > 1 G seal against a cellular membrane using a pipette.  The current passes 
through an electrolyte solution and is detected and amplified.  B.) Using an electrical or 
suction pulse, the cellular membrane can be ruptured without disrupting the > 1 G seal 
between the pipette and the membrane.  Whole cell recording allows ion channel 
conductance to be averaged across cells with a diameter < 10 m.  C.) After the > 1 G 
seal has been formed, a patch of the cellular membrane can be mechanically excised from 
the cell, resulting in a thin membrane configuration. 
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FIGURE 1.2: A.) Isolated ion channels can be implanted within suspended lipid bilayer 
films.  These films form a > 1 G seal and partition two reservoirs of electrolyte 
solution.  Implanted protein pores form transmembrane nanochannels capable of single 
molecule biosensing.  B.)  Alpha-hemolysin is a commonly used biological ion channel.  
The protein spontaneously inserts itself within the lipid bilayer film to form a 10-nm long 
nanopore with a 1.5 nm aperture.
104
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FIGURE 1.3: A.) Solid-state nanopores can be milled through insulating films such as 
silicon oxide or nitride.  B.) Using a focused electron beam, nanopores of various sizes 
have been routinely milled in silicon nitride films (thickness < 50 nm).   
  
A. 
B. 
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FIGURE 1.4: Surface charge effects on ions in nanoconfined environments.  A.) A 
negatively charged nanochannel electrostatically attracts counterions (blue) towards the 
surface forming the electrical double layer.  Beyond these surface induced arrangements, 
ions diffuse independent of surface charge.  B.) The extent of the electrical double layer 
is a function of the ionic strength of the electrolyte solution.  Here the EDL decay is 
shown for four solutions with ionic strengths that decrease by an order of magnitude from 
trace to trace in the following order: yellow, green, red, and black.  Nanofluidic 
dimensions are commensurate with the Debye length.  Confinement induced EDL 
overlap is possible within low ionic strength solutions (red and black).   
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FIGURE 1.5: Ideal symmetrical nanopore circuit.  The effective voltage across the 
nanochannel (Vn) may differ from the voltage applied across the system (Vi) due to the 
relative voltage drop at the entrance and exit of the nanochannel that results from the 
access resistance (Ra) compared to the nanochannel resistance (Rn).  In the absence of 
alternating current, membrane capacitance (Cm) is a negligible contributor to the channel 
conductance.   
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FIGURE 1.6: Modes of single channel recording for analyte detection.  A.) Nanofluidic 
stochastic sensors monitor single molecules passing through a nanopore.  Background 
electrolyte ions that travel orders of magnitude faster than the analyte (in this case ds-
DNA), are hindered from passing through the nanopore and a tempoary suppression of 
the channel conductance is observed.  Translocation events (inset) can reveal information 
about the relative size, charge, and surface interaction of the analyte within the 
nanochannel.  B.) Overall channel conductance can be compared to reveal surface 
captured analytes.  Here the I-V curves of a biotinylated channel before (blue) and after 
(red) incubation with streptavidin are shown.  After incubation, unbound protein is then 
rinsed away and replaced with sensing buffer.  Using low ionic strength buffer the 
conductance of the channel increased due to the charge of streptavidin (-1.6 e at pH 7) 
increasing the surface charge density (s). 
A. 
B. 
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CHAPTER 2 
SURVEY OF THE EFFECT OF HYDROPHOBIC  
SURFACE COATINGS ON DNA TRANSLOCATION 
2.1 Introduction 
In high ionic strength solutions, nanopore devices are capable of interrogating 
conformational changes in macromolecules with single molecule sensitivity.  Using 
conductometric sensing these devices are capable of rapid, label-free detection that is 
amenable to electrical and computational analysis.
1-5
  Much of this research has been 
focused on the manipulation
6-8
 and interrogation of nucleic acids for the development of 
sequencing technologies.
4,9-13
  The high sensitivity and rapid, electrical detection have 
potential to significantly reduce the time and cost of genomic sequencing. 
Genomic Sequencing 
Label-free detection of conformational and structural changes in macromolecules 
requires foreknowledge about the target analyte.  DNA is a polyelectrolyte comprised of 
a sequence of purine and pyrimidine bases aligned essentially orthogonal to a helical 
phosphate-sugar backbone (Figure 2.1).
14,15
  Purines (A – adenine and G – guanine) form 
specific base pairs (bp) with pyrimidines (T – thymine and C – cytosine, respectively) 
through hydrogen bonding, resulting in double stranded DNA (ds-DNA) with a nominal 
cross sectional diameter of 2 nm (Figure 2.1).  Hydrophobic interactions and geometric 
compatibility between the A-T and G-C base pairs induce stacking of these bases at the 
center of the helical phosphate-sugar backbone.  Adjacent nucleotides are spaced 0.34 nm 
apart, with about 10 bases per helix turn.
14,16
  The A-T, G-C pairings exhibit high 
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specificity, ensuring that knowledge of the single-stranded DNA (ss-DNA) sequence is 
indicative of the complementary strand.  Despite the different chemical structures of the 
nucleotides, base pair formations (A-T and G-C) are commensurate in size and therefore 
can be arranged in any order along the length of the DNA molecule,
15
 providing 
unrestricted sequence possibilities.  Within biological organisms, DNA templates are 
transcribed to form RNA, which are subsequently translated to synthesize proteins – the 
central dogma of molecular biology.
16
  Identification of the progenitor DNA sequence 
can therefore be used to understand and/or manipulate gene expression within complex 
biological systems.   
Elucidation of the human genome could unveil critical factors of health and 
disease.
17
  Comprised of over 6 billion base pairs, fully sequencing the diploid human 
genome remains a challenging task for current sequencing platforms.  A high degree of 
accuracy is needed to identify areas of pathogenic disease.  For current platforms, that are 
typically limited to read lengths of 50-400 bases, both accuracy and coverage are 
achieved by massively parallel sampling.  These factors contribute to sequencing 
methods that remain too costly (instrument, reagents, computational analysis) and slow 
for routine clinical applications.   
Prior to 2007, the Sanger method dominated the industry in genomic sequencing 
for close to 20 years.
18,19
  Developed from the “plus minus” method of Fredrick Sanger 
and Alan Coulson,
20
 Sanger sequencing utilized 2’,3’-dideoxynuceloside triphosphates 
(e.g. 2’,3’-dideoxyadenine triphosphate – ddATP) as specific chain terminating 
inhibitors.
21
  Figure 2.2-A depicts a simplified reaction scheme of the Sanger approach.  
A sample of restriction digested DNA is separated into four reaction vessels and mixed 
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with one of the four 2’,3’-dideoxynuceloside triphosphates (i.e. ddATP, ddTTP, ddGTP, 
ddCTP) and the remaining nucleoside triphosphates at a 20-fold greater concentration.  
DNA polymerase is added to each of the reactions to replicate the template DNA 
molecules until one of the 2’,3’-dideoxynuceloside triphosphates is incorporated.  
Lacking a hydroxyl group at the 3’ end 2’,3’-dideoxynucelosides inhibit further synthesis 
and terminate the fragments with the respective reaction nucleoside at the 3’ end.22  The 
four batches of synthesized DNA are subsequently separated on a denaturing acrylamide 
gel.  As illustrated in Figure 2.2-B, the size of the fragment could then be used to 
determine the location of the nucleoside and thereby reconstruct the sequence.   
Spurred by the massive requirements of the Human Genome Project, the Sanger 
method was enhanced and automated to increase throughput and accuracy.  Previous 
manual read methods required one of the nucleosides to be labeled using a radioisotope 
which could be detected in slab gel electrophoresis.  Slab gels were later replaced with 
automated capillary electrophoresis and optical sensing.
23
  Using these capillary 
platforms, the system could then be multiplexed to increase analysis throughput.
24,25
  
Employing four separate encoding dyes (dyes with different emission wavelengths) the 
four 2’,3’-dideoxynuceloside triphosphates could be labeled and enable optical detection 
within a single reaction.  Sequences could then be computationally automated and read as 
shown in Figure 2.2-B. 
Encouraged by substantial funding from the National Human Genome Research 
Institute (NHGRI) funding,
26
 second generation (post Sanger) sequencing technologies 
began to emerge.  These technologies presented improvements in massive parallelization 
of sample preparation and automation of repetitive processes.
27
  These methods utilized a 
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range of techniques including cyclic array sequencing, sequencing by hybridization, and 
sequencing by synthesis.
27,28
  Such advancements have prompted commercialization of 
these technologies by companies such as 454 Life Sciences, Life Technologies, Illumina, 
Pacific Biosciences, and Oxford Nanopore.
19,27,29
   
While recent advancements and commercial competition have enabled genomic 
sequencing cost to decrease by 1000-fold of the past five years,
18,26
 these second 
generation technologies still remain too costly for mainstream utility.  Many of these 
technologies struggle with long read lengths (>500 bases), require costly reagents (i.e. 
fluorescent labels, enzymes), and complex bioinformatics analysis tools.
27
  Each of these 
factors adds to a current genome cost of > $10,000 per person.
27,30
  Nanofluidic devices, 
however, are capable of producing long reads (> 10
4
 bases) and provide direct monitoring 
of the analyte, often without costly reagents or fluorescent tags.
4,6
  Using single channel 
recording methods Oxford Nanopore is developing a biological nanopore-based platform 
for single molecule DNA sequencing.  If successful this nanopore device would provide a 
label-free detection protocol, with many nanopores arrayed in parallel for high 
throughput sequencing.
31
 
Biological Nanopores 
Biological nanopores, such as those used by Oxford Nanopore, are isolated and 
reconstituted in artificial lipid bilayer films to create cell-free single channel recording 
platforms.  These planar lipid bilayer films can be suspended across solid supports 
creating a gigaohm or better seal between two opposing reservoirs of electrolyte buffer 
(Figure 2.3-A).  Isolated porins can then be inserted within the bilayer film creating 
electrical contact between the two opposing reservoirs (Figure 2.3-B).  These nanometric 
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openings coupled with the gigaohm or better seal are capable of the sensitive signals 
necessary to achieve single molecule conductometric detection.   
Wild-Type -Hemolysin 
Alpha-hemolysin is the most commonly used transmembrane protein for single 
molecule sensing applications.  Naturally expressed by Staphylococcus aureus, -
hemolysin spontaneously inserts itself within the lipid bilayer creating a transmembrane 
nanopore with precise dimensions.  Wild-type -hemolysin produces a mushroom shaped 
nanopore with a narrowing stem extending about 5.2 nm.  The pore cap contains a 2.6 nm 
diameter vestibule which leads to a 1.5 nm constriction in the pore stem (Figure 2.4-A).  
As a non-gating protein, -hemolysin produces a stable transmembrane conductance 
capable of polynucleotide detection.
32
  First demonstrated in the 1990s by Kasianowicz et 
al., -hemolysin protein nanopores can be used to electrically sense single molecules of 
ss-DNA.
31,32
  The narrow constriction of the -hemolysin nanopore was also shown to 
selectively translocate ss-DNA and RNA while inhibiting transmembrane transport of 
molecules larger than the 1.5 nm diameter such as ds-DNA (width = 2 nm).   
The signal transduction of nanopore conductometric sensors relies on a 
background electrolyte to create a quiescent conductance.  As the analyte passes through 
the nanopore, the analyte induces a perturbation in the quiescent conductance whose 
magnitude, duration, and profile are indicative of properties of the analyte molecule.  A 
buffered potassium chloride solution is commonly used because the two ion species, K
+
 
and Cl
-
, have commensurate ion mobilities (K+  Cl- = 7.7 x 10
-8
 m
2V-1s-1), which 
results in ohmic conductance profiles.
33
  In a planar nanopore membrane (infinitesimal 
nanopore length), the spatial resolution (ability to discriminate between the subtle volume 
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differences of the different bases) of these devices is limited to half of the hydrodynamic 
radius of the background electrolyte ions.  Potassium chloride (RH ~ 0.14 nm) should 
therefore provide sufficient resolution of the four nucleotide bases.  This claim is 
supported by the fact that the discrimination of homopolymers (e.g. polyA, polyT, polyC) 
and epigenetically modified DNA has been observed in wild-type -hemolysin 
nanopores.
4,34-36
  In many of these studies polyguanine has been omitted due to self 
hybridization of the molecules.
37
  The finite length of these nanopores, however, limit 
detection of genetically relevant DNA sequences because the conductometric response is 
a cumulative signal of the nucleotides occupying the nanopore at a given time.  The 
convolution of these conductance signatures coupled with the rapid nature of these 
translocations has led to a number of challenges to developing an accurate nanopore 
sequencing platform.
10
 
The length of the -hemolysin nanopore presents geometric constraints on the 
nanopore’s ability to distinguish adjacent nucleotides.  Meller et al. observed that the -
hemolysin nanopore has the capability of sensing ss-DNA >12 nucleotides in length, 
which is commensurate with the 5.2 nm length of the narrow stem, assuming 0.4 nm 
spacing of the nucleotides in ss-DNA.
37,38
  Molecules with dimensions greater than the 
5.2 nm length could be linearly driven through the nanopore producing a signal 
commensurate the cross-sectional area of the molecule explained by from rigid rod 
theories models.
38,39
  Molecules with length scales shorter than the nanopore length act 
less like rigid rod polyelectrolytes producing signals which vary a function of the 
conformational freedom of the molecule within the nanoconfined space.  The transition 
point reported by Meller et al. illustrates a limitation in the geometric resolution of short 
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DNA molecules (ld < ln).  Nucleotides that occupy the nanopore at any given time 
produce a mean conductance response, which convolutes the conductometric signatures 
of isolated bases.  Axial and transverse dynamics of the molecule may also cause an 
averaging affect that convolutes the conductometric response. 
The rate at which DNA traverses the nanopore also presents temporal resolution 
challenges.  Single molecules of DNA occupy the nanopore sensing region for less than  
1 s/base.40  Given the picoampere signals of these nanopores, various classes of noise 
can limit the maximum bandwidth of the measurement.  Devices must be shielded using 
Faraday cages and vibration isolation tables which dampen electrical and mechanical 
noise, respectively.
41
  Significant efforts have been directed towards further improving 
the fidelity of ion channel conductance measurements and reducing contributions of 1/f 
and capacitive noise.
41-44
  Pore conductance measurements are typically filtered using a 
10 kHz low-pass filter.  Optimized low-noise systems can have low-noise systems but are 
still limited to ~ 40 kHz. 
Genetically Engineered Biological Nanopores 
Protein channels can be genetically modified to overcome some of the limitations 
of the native protein nanopore.  While the native -hemolysin pore has shown promise in 
ss-DNA analysis, genetically engineered analogues are capable of detecting analytes for 
which the native -hemolysin nanopore geometry was not suitable.45-47  Engineered -
hemolysin pores have been capable of detecting epigenetic and single nucleotide changes 
in ss-DNA that are not observed with wild-type -hemolysin nanopore complexes.48-50  
ss-DNA has also been immobilized within genetically modified -hemolysin nanopores.  
Conductometric signatures were observed from single base insertions placed at critical 
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positions of the -hemolysin nanopore.35  These findings have since led to the genetic 
enhancement of key sensing regions of the -hemolysin nanopore which enabled single 
nucleotide recognition.
35,50
 
Oxford Nanopore has been developing a custom -hemolysin nanopore with 
potential for single molecule DNA sequencing.  Using this tailored nanopore, they are 
venturing to develop two DNA sequencing protocols referred to as exonuclease and 
strand sequencing.  In exonuclease sequencing, nucleotides are sequentially cleaved from 
the molecule and migrated through the lumen of the -hemolysin sensing device.48  
However, this method has a number of challenges in terms of controlling the proximity of 
the exonuclease to the nanopore, the rate of the enzymatic cleaving reaction, and the 
trajectory of the nucleoside monophosphates.  Using the strand sequencing method, 
proprietary enzymes would be used to slowly ratchet ss-DNA through a genetically 
modified -hemolysin nanopore.51  The -hemolysin nanopore inhibits the translocation 
of molecules with cross sections larger than the narrowest constriction (1.5 nm).  Using 
the narrow constriction of the -hemolysin nanopore and the finite rate of the enzymatic 
reaction, ss-DNA annealed to a short primer can bind to the protein complex, and be 
introduced to the nanopore opening at a rate more conducive to sequencing applications. 
The strand sequencing strategy addresses the limited temporal resolution and has 
been attempted in both genetically altered -hemolysin and MspA protein nanopores.  
Originally produced by Mycobacterium smegmatis, MspA has been modified to eliminate 
gating activity (open and closing mechanisms) and the negative charge within the interior 
of the pore in order to promote ss-DNA translocation.
52,53
  With a 1.2 nm pore diameter 
and a length of ~0.5 nm (Figure 2.4-B), the MspA pore has demonstrated greater 
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sensitivity with shorter homopolymer ss-DNA than -hemolysin nanopores.53,54  Manrao 
et al have coupled the phi29 polymerase with the MspA protein to reduce the speed of 
DNA translocations.  Preliminary sequencing ability has been demonstrated using this 
strand sequencing method.
55
  Last year, Oxford Nanopore boasted single molecule 
sequencing of -DNA56 (48.5 kbp).57  Using these genetically modified nanopores strand 
sequencing has achieved long read DNA sequencing.
58
  While a significant achievement, 
finding alternative non-gating biological ion channels to further improve these 
technologies is not a trivial matter,
10
 and site specific modifications provide only modest 
variability in the nanopore profile.  
Solid-State Nanopore Sensing 
Innovations in solid-state nanofabrication have provided a means for producing a 
broad range of nanopore geometries with straightforward functionalization control.  In 
such solid-state platforms nanopores can be produced with sub-nanometer precision, 
controlled profiles, and high environmental stability.
59-68
  One fabrication method utilizes 
a focused electron beam (FEB) to sputter nanometric pores within thin insulating films.
60
  
This protocol has been used to fabricate nanopores with sub-nanometer precision within 
silicon and insulator substrates.  The use of silicon based substrates is prevalent in micro-
/nanofluidic fabrication because these surfaces are compatible with biological analytes, 
can be prepared in batch processes, and are amenable to surface modification.
69,70
 
Within this work, a transmission electron microscope (TEM) was used to mill 
nanopores within insulating silicon nitride films.  Silicon nitride was chosen because it 
has a higher dielectric constant than silicon oxide, and is less susceptible to impurity 
diffusion,
71
 and the use of non-stoichiometric silicon nitride (SiNx) leads to low stress, 
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robust films.  Using FEB milling nanopores could be milled with variable size and 
subsequently imaged using a TEM.  FEB milled nanopores typically had a biconical 
profile as evidenced by TEM tomography (Figure 2.5).
63
  The angle of the conical walls 
was determined by the focus of the electron beam and the size of the nanopore (Figure 
2.5-E).  By prolonging the dwell time of the FEB, the narrowest constriction of the pore 
can continue to be sputtered away to produce larger pores (Figure 2.5-D) with cylindrical 
walls at the center.  The FEB can also be defocused and used to alter the surface tension 
and viscosity of the film to induce nanopore shrinkage,
60,72
 and the angle is smoothed as 
illustrated in Figure 2.5-D (red).
63
 
Channel Conductance 
The symmetry of the biconical pores is supported by the ohmic behavior of 
conductometric signals.  While channel conductance can be used to characterize both 
surface charge (G) and volumetric constriction (GV) contributions, the present work only 
evaluates volumetric constraints within the nanopore induced by the presence of the 
analyte because high ionic strength buffers are used (GV >> GS, see Chapter 1).  
Nanopore containing membranes are used to partition two reservoirs of electrolyte buffer 
with a gigaohm or better seal.  The dimensions of these devices are such that ionic 
conductance of the reservoirs is orders of magnitude greater than the nanopore 
conductance, and all of the potential is dropped across the nanometric sensing region.  
Assuming a circular pore aperture, Equation 2.1 can be used to describe univalent 
channel conductance in high ionic strength buffers, 
                  
   
 
   
       (2.1) 
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where + and - are the cation and anion mobility, respectively; e is elementary charge; 
NA is Avogadro’s number; [Ion] is the ion concentration; dn is the diameter of the 
nanopore; and ln is the thickness of the insulating membrane (which ultimately 
determines the nanopore length).  Convergent and divergent ionic paths at the entrance 
and exit of the nanopore contribute to the conductance in series with the nanopore 
conductance as a function of the nanopore diameter accounting for the term.
73
  This 
access conductance scales with the pore diameter and the bulk solution conductivity,  
 =               .  Assuming a cylindrical nanopore, Equation 2.2 can be used to 
describe the total conductance of univalent ions in nanopore devices. 
      
   
 
   
 
  
      
         (2.2) 
Using low aspect ratio pores (where pore diameter is comparable to nanopore length) the 
contribution of the access conductance at the entrance and exit of the nanopore is of the 
same order of magnitude as the channel conductance.
73
  
DNA Translocations 
Voltage-driven capture of DNA molecules occurs as a two step process in which 
the molecules are delivered to an high electric field region near the nanopore by 
diffusion.  Once within proximity of this electrified region, electrophoretic mobility 
overcomes diffusion and the negatively charged DNA molecule is driven through the 
opening of the nanopore.  While a large majority (> 99.99%) of the voltage is dropped 
across the nanopore, a weaker field extends a short distance from the nanopore opening, 
which decreases as a function of distance, r, from the nanopore as described by Equation 
2.3,  
     
  
 
    
       (2.3) 
 
 
40 
 
where V is the transmembrane voltage used to drive the background electrolyte ions and 
DNA through the nanopore.
74
  The electric field extends in a hemispherical profile from 
the nanopore.  As the DNA diffuses closer to the nanopore, the force the DNA feel from 
the electric field increases and eventually overcomes the diffusive motion of the DNA 
molecule in free solution.  Grosberg et al. has shown that the voltage necessary for the 
electrophoretic mobility to overcome the diffusional forces can be determined by 
dividing the diffusion coefficient of the molecule by the electrophoretic mobility 
(Equation 2.4),  
         ,     (2.4) 
where r* is the critical distance away from the nanopore where this voltage is achieved.
74
  
Equations 2.3 and 2.4 then provide the capture radius (Equation 2.5),  
     
  
  
    
     (2.5) 
where  is the electrophoretic mobility of DNA (invariant of DNA length in free 
solution) and D is the diffusion coefficient of DNA (as a function of DNA length).
75
 
As the DNA enters the nanometric sensing region (Figure 2.6-B), the quiescent 
ionic flux is perturbed producing a conductometric response indicative of DNA 
properties. In high ionic strength buffer (GV >> GS), DNA partially occludes the 
nanopore and induces a suppression of the ionic flux for the duration of the translocation 
event.  The magnitude of this suppression will scale with the size of the DNA molecule 
relative to the size of the nanopore.   
Within this work, the length of DNA was 500 – fold greater than the length of the 
silicon nitride nanopore.  In these cases, the displacement of ions at any given time scales 
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with the cross-sectional area of the analyte.  In high ionic strength buffers, the volume 
displacement exhibits a suppression in ionic flux (I) described by Equation 2.6,    
 A
l
V
EAI       (2.6) 
 where E is the applied electric field and A   
   
 
  is the cross sectional area of DNA.59  
In contrast to biological ion channels, solid-state nanopores are often non-selective and 
appear chemically inert to DNA molecules.  These relatively inert surfaces produce little 
surface interaction between the DNA molecule and nanopore interior, resulting in faster 
translocation events.  However, these solid-state nanopores are capable of straightforward 
surface modification, which could be used to control the speed of translocation events.   
Methods for Controlling Translocation Dynamics 
The potential of nanopore technologies to rapidly sense single molecules of DNA 
for sequencing has led many to investigate parameters for controlling these translocation 
events.  While alterations in the background buffer conditions (e.g. temperature,
4
 ionic 
strength,
40
 and viscosity
40
) have shown promise in reducing translocation velocity, these 
methods also diminish the flux of background electrolyte and consequently the 
conductometric signal.  Work has also been dedicated to controlling the force applied to 
the DNA molecule.  The use of alternating current or covalently attached anchors (e.g. 
proteins
54,76-78
 magnetic beads,
79
 and optical tweezers
80,81
) have been investigated as a 
means of trapping the DNA within the nanopore sensing region.  Alternative methods 
have also been proposed in which the solid-state nanopore is tailored for control of DNA 
translocations.   
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One method utilizes a nanopore milled within a metal-insulator-metal sandwich 
film.  IBM and Roche/454 Life Sciences are developing the “DNA transistor” as a 
nanoelectronic sensor with promise of long sequencing reads (> 1000 bases) and the 
ability to electrostatically ratchet single molecules of DNA within a solid-state nanopore.  
First proposed by Polonsky et al. in 2007,
82
 this device exploits the localized negative 
charge of DNA’s phosphate backbone to electrostatically regulate movement of the 
molecule within the nanopore.   
While theoretically promising,
83,84
 metal-insulator-metal films face a number of 
practical challenges.  Electrified metal surfaces are capable of electrolysis of water, 
which may induce bubble formations.  Due to the limited hydrodynamic flow and high 
surface tension at these nanometric scales, nanobubbles are difficult to remove and limit 
the efficacy of conductometric sensing.
85
  Additionally, the use of nanometric metal 
electrodes within electrolyte buffer presents opportunities for corrosion and reduction at 
the metal surface.  Using plasma oxidation, Harrer et al. have demonstrated passivation of 
TiN nanopores which protect the metallic surface from electrolyte environments for up to 
24 hours at constant potential.
86
  Similar to this plasma oxidation surface modification 
solid-state nanopores are capable of straightforward surface modification.  Solid-state 
surface functionalization may provide a means to chemically control the transport of 
DNA through nanometric sensing devices and make these rapid translocation events 
amenable to sequencing applications. 
The velocity (v) of a rigid rod polyelectrolyte through a cylindrical nanopore has 
been described by Equation 2.7,   
      
 
 
      (2.7) 
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where the velocity varies a function of the ratio of the zeta potential at the wall of the 
nanopore (w) and at the surface of the polyelectrolyte (p).
87
  Though this model assumes 
uniform fluid flow through the nanopore requiring an infinitely long cylindrical 
nanopore, Equation 2.7 suggests manipulation of these zeta potentials through surface 
modification offers a means to enhancing the dwell time of a DNA molecule and thus 
sensing capability.  Surface coatings also provide a means to chemically constrict 
nanopore dimensions.
88-90
   
Control of these surface properties could also increase the frequency of 
translocation events.  As mentioned above, MspA biological pores were genetically 
altered to reduce negative charge within the lumen of the protein and thereby increase the 
frequency of DNA translocation events.
52
  Silicon surfaces stored under ambient 
conditions have a native oxide which is negatively charged at neutral pH.  In addition to 
the use of high ionic strength buffers to shield surface charge, surface coatings can also 
be used to reduce the repulsive effect of negative charge from the native silicon oxide and 
increase event frequency. 
Kim et al have demonstrated differences in the amplitude and the dwell time of 
539 and 910bp DNA using a 3-aminopropyltriethoxysilane (3APS) coating.
91
  They 
found that by increasing the surface charge density, the 3APS modified nanopore was 
more hydrophilic, which can reduce bubble formation and improve nanopore wetting.  At 
neutral pH the aminated surface was positively charged and increased the duration of the 
DNA molecule’s occupation of the nanopore volume, likely due to attractive electrostatic 
effects.  However, using this effect was limited to short lengths of DNA (< 1000 bp).  
Longer DNA molecules (-DNA, 48.5 kbp) had such a larger affinity for the surface that 
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DNA molecules were irreversibly retained within the sensing region and translocation 
events were not observed.   
Within the present work an alternative hydrophobic nanopore surface coating will 
deposited to mediate hydrophobic nanopore wall/DNA interactions.  Powell et al. and 
Smirnov et al. have demonstrated voltage gating capabilities in hydrophobic nanopore 
devices.
92,93
  Such nanopores exhibited behavior similar to diode switches that could 
electrically induce wetting and dewetting of the nanopore and control ionic conductance.  
Similar to DNA transistor assemblies (metal-insulator sandwich), non-uniform 
hydrophobic coatings may offer a means for controlling translocation mobility.  The 
present work will survey the effects of hydrophobic alkyl silanes on DNA translocations.  
Alkyl coatings commonly used in chemical separations (e.g. octyl silane) will be 
investigated for their ability to retard DNA transport, potentially enabling long read 
length detection while avoiding irreversible adsorption that could limit device lifetime.   
2.2 Methods 
Reagents 
All conductometric sensing was accomplished using solutions consisting of 1 M 
potassium chloride (Fisher Chemical, > 99% ), 10 mM Tris (Fisher Scientific), and 1 mM 
EDTA (Sigma Aldrich) adjusted to pH 8 ( ~ 10 S/m).  All buffers were filtered using 
Anotop syringe filters (20-nm pore size, Whatman).  Octyldimethylchlorosilane and 
trimethylchlorosilane reagents were purchased from Sigma Aldrich and used at 5% (v/v) 
concentration in dry toluene to chemically modify nanopore surfaces. 
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Surface Modification and Characterization 
Ellipsometry 
Each silane reagent was also deposited on independent substrates to characterize 
surface modification of the silicon nitride.  The thicknesses of these surface coatings were 
measured using a variable angle () spectroscopic ellipsometer (J. A. Woollam) with a 
75W Xe lamp and one millimeter spot size.   
Contact Angle 
The hydrophobicity of the native and surface modified silicon nitride surface were 
measured on independent substrates using water contact angle measurements.  To 
determine if this native oxide surface differed from the FEB exposed surface, 
independent silicon nitride films were dipped in a 6:1 buffered oxide etch (BOE) solution  
to remove the native oxide layer and then placed in an 18 W plasma generated in air. 
Nanopore Fabrication 
Silicon nitride/silicon substrates were prepared by depositing low stress, non-
stoichiometric silicon nitride films (SiNx, thickness = 60 nm) on both sides of 200 m 
[100] oriented, p-doped silicon wafers using plasma enhanced chemical vapor deposition 
(PECVD).  Silicon nitride membranes were then prepared for nanopore milling using a 
series of wet etching processes.  First, Shipley 1813 photoresist was spin coated on both 
sides of the silicon nitride substrate and soft baked for 10 minutes at 110C.  The 
nanochip pattern was exposed on a single side using a SF-100 maskless exposure system 
and the design shown in Figure 2.7-A.  The exposed resist was then developed using 
AZ400K developer.  The substrate was then hard baked at 185C for three hours to 
render the unexposed photoresist resistant to subsequent acid etch solutions.  Exposed 
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SiNx was etched in 85% H3PO4 at 160C, revealing the underlying silicon support 
substrate.  The exposed silicon was etched using a 40% KOH solution at 75C.  The 
protected silicon nitride membrane remained intact and was revealed as a thin membrane 
window as shown in Figure 2.8.  Although the KOH etch is largely selective for the 
silicon substrate, the silicon nitride has a finite etch rate in this solution.  The final 
thickness of the SiNx membrane (which ultimately corresponds to the nanopore length) 
was determined using a variable angle () spectroscopic ellipsometer (J. A. Woollam) 
with a 75 W Xe lamp and one millimeter spot size.   
A single nanopore was then milled through the thin membrane using a 
transmission electron microscope (TEM, JEOL 2010 F).  A focused beam of electrons 
was projected from a field emission gun with a beam current exceeding 500 pA/cm
2
 and 
electron energy of 200 keV.  At high magnification (>250,000 x), these settings enabled 
pore fabrication with sub-nanometer precision.  In each of these cases, the diameter of the 
nanopore was controlled by the beam dwell time.  For the present work, nanopores were 
milled to approximately 10 nm diameters.   
Electron Energy Loss Spectroscopy (EELS) 
Localized electron energy loss spectroscopy was used to observe silane deposition 
within a 10 nm pore.  A silicon nitride membrane was first treated with an alkyl silane to 
block active hydroxyl sites.  A 10 nm pore was milled through the modified membrane 
using a FEB.  The nanopore was then modified using trichloro (1H,1H,2H,2H) 
perfluorooctyl silane as illustrated in Figure 2.9-A.  Scanning transmission electron 
microscopy (STEM) imaging and electron energy loss spectroscopy (EELS) were 
performed on a JEOL 2010F TEM/STEM equipped with a Gatan EELS spectrometer 
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(Atomic Resolution Electron Microscopy Facility at North Carolina State University).  
Images were collected in annular dark field (Z-contrast) mode such that nanopores were 
visible as dark features contrasted against the bright background produced from the 
silicon nitride membrane.  EELS spectra were collected in an energy range of  
150 – 800 eV relative to the zero energy loss peak.  After acquiring a reference dark field 
image, the beam was scanned over a 10 nm x 10 nm region of interest within the interior 
of the nanopore or on the nearby silicon nitride.  Individual spectra were collected using a 
10 s integration time and five individual spectra from each region of interest were 
summed to increase signal-to-noise. 
Nanopore Device Assembly  
Silocone sample cells were prepared using Sylgard ® 184 polydimethylsiloxane 
(PDMS, distributed by Dow Corning).  Molds were designed with reservoirs that allowed 
for fluid exchange and insertion of the Ag/AgCl electrodes.  The PDMS cells were 
supported using two glass plates as illustrated in Figure 2.10-A.  Prior to assembly the 
nanopore containing membrane was treated with an air plasma (18 W) for five minutes to 
remove organic contaminates and create a more hydrophilic surface.  The silicon nitride 
membrane was then aligned with the reservoir openings and sealed by applying pressure 
across the assembly using rubber bands.  Ethanol and ethanol/water (1:1) solutions were 
then introduced to the assembly to promote nanopore wetting.  The ethanol solutions 
were rinsed away with water and replaced with buffered potassium chloride solution (1 
M KCl, 10 mM Tris, 1 mM EDTA, pH 8).  A transmembrane potential (>300 kV/cm) 
was then applied to induce electrowetting of the nanopore and establish stable quiescent 
ion conductance.   
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Localized surface modification was achieved by introducing the silane reagent 
only from the trans side of nanopore chip.  Silane solutions (5% v/v in dry toluene) were 
then allowed to diffuse into the nanopore for 45 minutes to limit cis side deposition and 
thereby pre-translocation adsorption of the DNA to the membrane.   
DNA Translocation 
Transmembrane voltages were applied using an Axopatch 200B patch-clamp, 
amplifier (Molecular Devices) capable of measuring pA currents at frequencies up to 100 
kHz.  Data acquisition was controlled using a custom LabView program (courtesy of Dr. 
Kevin Braun).  Double-stranded DNA solutions were prepared in the electrolyte buffer at 
30-150 attomolar concentrations.  The experiment was operated such that the DNA was 
electrophoretically driven from the cis reservoir (facing the SiNx membrane) to the trans 
reservoir (facing the selectively etched SiNx/Si opening) as illustrated in Figure 2.10-B.  
DNA was driven through 30-35 nm length nanopores with an applied electric field of 30-
60 kV/cm.   Between experiments, nanopores were stored in Nanopure water (18 M). 
2.3 Results 
Membrane Fabrication  
Using well-established microfabrication methods,
69
 4 mm x 4 mm silicon nitride 
chips were batch processed as shown in Figure 2.7-B.  The 40% (w/v) KOH solution at 
75C anisotropically etched94 the [100] p-doped silicon substrate at a rate of 500 nm/min.  
To reveal the silicon nitride membrane on the opposite side of the SiNx/Si/SiNx substrate, 
the 200 m silicon support was exposed to the KOH solution for over six hours.  While 
selective for the silicon substrate, the prolong exposure of the nitride membrane to the 
alkaline solution induced a significant decrease in the film thickness. 
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Ellipsometry 
In order to accurately characterize the thickness of the SiNx membrane, a  
1 cm x 1 cm region (Figure 2.7, upper left hand corner) was processed along with each 
batch of nanochips and measured using variable angle spectroscopic ellipsometry.   
Spectroscopic ellipsometry is capable of determining film thickness by monitoring 
optical properties as a function of wavelength.
95
  Figure 2.11-A illustrates three cases of 
polarized light on a right handed Cartesian coordinate system (x-y-z), in which the wave 
is traversing along the z axis.
96
  The most general form is elliptical polarization (shown in 
black), in which phase difference, , is between 0 and 90.96,97  Linear (red) and circular 
(blue) polarized light are special cases of elliptical polarization in which the phase shift is 
0 and 90, respectively.97  At t0 we see the polarized ellipse is at its maximum value 
along the y-axis, Y. The maximum x value is in turn found where            , 
where  is the angular frequency of the light wave.  The phase shift () between two-
plane polarized light can therefore be determined from difference between t and t0.  The 
relative amplitude of points X and Y of the ellipse can also be expressed by the angle 
between 0 and 90.96  Parameters  and  can be combined to form a fundamental 
ellipsometry expression, Equation 2.8,  
        
 
 
      (2.8) 
and plotted as a function of wavelength and incidence angle (Figure 2.11-B).  Terms  
and  were fit to a model by minimizing the mean squared error and used to determine 
the film thickness of the SiNx membranes. 
Optical properties and film thickness of non-stoichiometric silicon nitride have 
been reported to vary as function of deposition conditions.  Such variations present 
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challenges to conventional Cauchy or Lorentz modeling tools.
98,99
  However, within this 
work a Cauchy model was found to satisfactorily fit the data for all silicon nitride films.  
The PECVD silicon nitride film exhibited a finite etch rate of 0.08 nm/min in 40% KOH 
solution at 75C resulting in nanopore lengths of 30-35 nm.   
Surface Modification 
Ellipsometry 
Chemically modified surfaces were also characterized using ellipsometry to 
determine an approximate thickness of the silane films (Table 2.2).  Octyl silane films 
were measured using ellipsometry and found to produce 1.3 ± 0.2 nm films for three 
trials.  The resulting films were commensurate with the expected thickness assuming full 
extension of the octyldimethylchlorosilane molecule (Table 2.2).  These ellipsometry 
measurements suggest that the 10 nm pore would be reduced to a 7 nm diameter after 
modification with octyldimethylchlorosilane.  While the thickness of the 
trimethylchlorosilane films was measured with lower precision, the mean value was 
consistent with the dimensions of the silane molecule. 
Contact Angle 
Silicon nitride films were also characterized using water contact angle 
measurements.  Native silicon nitride substrates under ambient conditions possessed a 
native oxide layer at their surface.  The alkyl chlorosilane reagents reacted with the 
hydroxyl groups of the oxide through a silane condensation reaction.  To determine if this 
native oxide surface differed from the FEB exposed surface, independent silicon nitride 
films were dipped in a 6:1 buffered oxide etch solution  to remove the native oxide layer 
and then placed in an 18 W plasma generated in air.  The water contact angle of these 
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substrates was compared to the substrates left in ambient conditions (Table 2.2).  The 
contact angle of the native silicon nitride was reduced after the plasma treatment.  Plasma 
treatment was therefore employed before mounting each silicon nitride nanopore to 
increase aqueous buffer wetting before experiments.  Silane modified surfaces, in 
contrast, demonstrated no significant difference between silicon nitride left in ambient 
conditions.  Therefore plasma treatment was not used prior to surface modification. 
Electron Energy Loss Spectroscopy 
Within the present work surface modification was localized to the interior and 
trans side of the nanopore to minimize surface interaction before translocations occurred.  
While self-assembly of silane reagents has been well-established, surface coverage of 
hydrophobic reagents within relatively small nanopores ( 10 nm) has not been 
characterized.  To investigate the ability of hydrophobic reagents to coat the interior of a 
10 nm pore, a silicon nitride membrane was prepared using the protocol shown in Figure 
2.8.  Prior to milling the nanopore, the membrane was treated with 
octyldimethylchlorosilane to block the active sites of the silicon nitride membrane.  A  
10 nm pore was milled in the modified membrane using FEB milling.  The nanopore was 
then treated with trichloro (1H, 1H, 2H, 2H) perfluoroctyl silane so that the perfluoroctyl 
silane was only deposited within the nanopore as illustrated in Figure 2.9.  The use of a 
trichloro silane (as opposed to a dimethylchlorosilane reagent) was selected to promote 
polymerization of the perfluorosilane away from the silicon oxide surface
100,101
 allowing 
the reagent to occupy the nanopore volume and resulting in an increased EELS signal.  
The microscope was operated in scanning transmission electron microscopy (STEM) 
mode in order to enable localized elemental analysis using EELS measurements of both 
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the modified membrane (red) and modified nanopore (blue).  The spectra of these two 
regions are shown in Figure 2.9-B.  Here we see carbon peaks at both the surface of the 
membrane and the nanopore region.  Nitrogen signal was only present at the membrane 
surface because the nitride has been sputtered away to produce the nanopore.  Oxygen 
and fluorine (the latter from the perfluoroctyl silane coating) were found in the milled 
region of the nanopore.  The presence of these elements suggests sufficient permeation 
and modification of the nanopore interior.   
Ionic Conductance 
Native nanopores achieved a stable ionic current within twenty minutes of 
aqueous electrolyte introduction.  Nanopores were characterized by both TEM imaging 
and ionic conductance as shown in Figure 2.12.  The TEM image shown in Figure 2.12-A 
provides a bright-field projection of the transmembrane nanopore where the narrowest 
constriction of the nanopore is the light region with a measured diameter of 2.5 nm.  
Once mounted, the ionic conductance appeared ohmic.  This was true for all native 
nanopores used within the present work.  Using Equation 2.3 the channel conductance 
could be used to approximate a nanopore diameter of 3.3 nm.  FEB milled nanopores 
consistently exhibited ionic conductance values 30-40% higher than the expected 
conductance based on the TEM measured diameter.  The access resistance at the entrance 
of the biconical nanopore is less than that of the cylindrical model, hence greater 
conductance through the FEB nanopores than approximated by Equation 2.3.  Using both 
ionic conductance and TEM measurement of the narrowest constriction of the nanopore, 
the angle of the biconical region of the nanopore was determined using a least squares fit 
to be  = 7.6.  While this angle is less than the value reported in the literature (25),63 
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the angle of the feature will depend largely on the focus and spot size of the FEB.  Kim et 
al observed different profiles for nanopores of different sizes.
63
  The nanopore shown in 
Figure 2.12 would be closest to the biconical profile of Figure 2.5-C.  Nanopores milled 
with10 nm diameters within the present work produced were similarly analyzed and 
produced ionic conductance measurements commensurate with   10. 
DNA Translocations 
Native Silicon Nitride Nanopore  
Lambda-phage ds-DNA introduced to the cis reservoir was electrophoretically 
driven through a 10 nm pore (size determined by TEM).  Translocation events produced 
the expected suppression of ionic current with 1 M KCl buffer (Figure 2.13).  
Translocation events were evaluated on the basis of their profile, amplitude, and duration.   
Figure 2.14-A illustrates three representative translocation profiles.  The first event 
illustrated is that of a single-level event in which ds-DNA passed linearly through the 
nanopore producing a relatively flat event profile with a magnitude commensurate with 
expected I response (Equation 2.6).  Doublet events occurred when the ds-DNA passed 
through the nanopore in a completely folded conformation.  Folded DNA produced 
quantized events commensurate with the doubled cross-sectional area of the DNA (2I).  
The third event type, tiered events, occurred when DNA passed through the nanopore in a 
partially folded state as illustrated in Figure 2.13-A (blue). 
To explain these tiered events, we return to the discussion of the nanopore capture 
radius (Figure 2.6-A).  Double-stranded DNA has a persistence length of approximately 
50 nm in high ionic strength solutions such as the buffered 1 M KCl used here.
102,103
  
Therefore sufficiently long DNA (i.e. -DNA, contour length = 16 m) is randomly 
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coiled in free solution.  There is no control over which portion of the random coil will be 
captured in the high field region when introduced by diffusion and folded DNA can be 
translocated through sufficiently large nanopores.  Similar events have been discussed in 
the literature.
104
  For sequencing applications, the DNA must be fully elongated and have 
limited degrees of freedom in the axial and transverse directions.  Therefore tiered event 
data are often omitted from analysis.  Nevertheless, these tiered events could provide 
insight into the dynamics of polyelectrolyte conformations within nanoconfined 
environments.  While this discussion is beyond the scope of the present work, tiered 
events data has been simultaneously analyzed with singlet data and included for 
completeness of the report (Figure 2.14, blue).   
Using a custom MATLAB program (Appendix A), singlet events were filtered 
from tiered events (Figure 2.14-A, red and blue respectively) and evaluated based on 
amplitude and duration.  Figure 2.14-B – D illustrate the signal observed from -DNA 
passing through a 10 nm diameter nanopore (L = 35 nm).  Working in 1 M KCl buffer  
( = 10 S/m) and assuming a width of 2 nm, ds-DNA was expected to induce an ionic 
current response of I at 100 mV is 108 pA (Equation 2.6).  This value was 
commensurate with the average current observed for singlet events (I = 111  10, N = 
300) shown in Figure 2.14-B (red).  Only a few (< 7%) doublet events were observed 
around 200 pA, which can be easily distinguished from singlet events.  Single step events 
(Figure 2.14-C and D) exhibited a median duration of 1.6 ms, which is commensurate 
with results observed using similar sized nanopores.
91,105
  Even with the use of a 
relatively long DNA molecules (48.5 kbp), these translocation durations are pushing the 
limits of the temporal resolution (100 s using a 5 kHz low pass filter).10  The bandwidth 
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of these systems were limited by the high sensitivity of the sensor, thermal fluctuations, 
1/f noise, and capacitive noise.
42,106
  The silicon nitride membrane contributes a 
capacitive effect in parallel with the pore conductance as illustrated in Figure 1.5.  This 
capacitance, contributes a significant factor of what has been termed parasitic 
capacitance.
44
  Reducing this capacitance, by surface modification and/or reduction of the 
exposed membrane area has been shown to improve signal to noise ratios
44,106
 and could 
assist in improved resolution of translocation events.   
Double stranded DNA passed through the native nanopore at a rate of  ~ 40 ns/bp, 
two orders of magnitude faster than translocations of ss-DNA through -hemolysin 
nanopores.
40
  This high velocity transport has been attributed to the use of larger diameter 
pores and the relatively non-selective surface interactions of solid-state pores when 
compared to biological ion channels.  Surface interactions have been shown to decrease 
translocation velocity, which are enhanced within nanopores with narrow openings.
105
  
Using a nanopore that is roughly 6x the diameter of -hemolysin the surface to volume 
ratio is reduced and the DNA has less interaction with the surface of the nanopore.  
Protein nanopores also benefit from inherently having a variety of amino acids decorated 
throughout the lumen of the pore.  These amino acids provide varying charge and 
hydrophobicity throughout the nanopore which determine interactions between the DNA 
and nanopore.  Native solid-state nanopores, in contrast, appear relatively inert to DNA 
but can be modified using straightforward surface coatings.   
Octyldimethylchlorosilane Modified Nanopore  
Translocation of -DNA through the octyldimethylchlorosilane modified 
nanopores required a greater driving force than translocations observed in native 
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nanopores, 60 kV/cm compared to 30 kV/cm, respectively.  Lambda phage DNA 
translocated through the octyldimethylchlorosilane modified nanopore (approximate dn ~ 
5 nm, l = 30 nm) and exhibited increased the dwell times and I responses (Figure 2.15, 
blue).  While some events demonstrated longer durations within the nanopore (      ~ 6 
ms), the results were inconsistent.  The magnitudes of these events, I, were also 
significantly greater than the value predicted by Equation 2.6, I(200 mV)  = 218 pA 
versus 440 ± 75 pA N = 29 (expected versus observed, respectively).  Unfortunately after 
about 5 minutes the quiescent current experienced a permanent decrease and DNA 
translocations were no longer observed (Figure 2.15, red).  From Figure 2.15 (red) we see 
this suppression was commensurate with the magnitude of single molecule occupation of 
the nanopore.  This conductance drop can be attributed to -DNA that has been 
irreversibly adsorbed within the nanopore.  While some spiked fluctuations were 
observed after this point the short duration of the events and small magnitude was not 
indicative of DNA translocation but rather are consistent with failed attempts of DNA 
molecules to enter the nanopore, colliding with the nanopore entrance and then diffusing 
away in the cis reservoir. 
Trimethylchlorosilane Modified Nanopore  
Kim et al. have similarly observed irreversible retention of -DNA within surface 
modified nanopores.
91
  To maintain long read times for sequencing applications, it would 
be necessary to control the surface interaction between the DNA and the nanopore such 
that DNA is sufficiently slowed down but not retained within the nanopore.  To reduce 
the likelihood of irreversible adsorption a trimethylchlorosilane reagent was used.  We 
hypothesized that this hydrophobic surface coating would offer good surface coverage, 
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less steric hindrance, and a weaker hydrophobic interaction.  Translocation events of -
DNA through the trimethylchlorosilane modified nanopores were sparse.  Similar to the 
octyldimethylchlorosilane modified nanopore, trimethylated nanopores had short 
lifetimes due to adsorption of the -DNA within the nanopore.   
Trimethylated nanopores were, however, useful in enhancing short DNA 
molecule translocations.  Equation 2.5 suggests that for sufficiently long DNA (ld > ln) I 
remain constant for all ds-DNA.  A DNA ladder (six equimolar fragments from 1-10 kbp) 
was introduced to a native silicon nitride nanopore to investigate possible differences in 
I due to fragment length.  The amplitudes of single-level events were analyzed as 
detailed in Section 2.3 and the resulting histogram is shown in Figure 2.16-A.  The 
magnitude of these events cluster around an average of I of 213 ± 10 pA (at 200 mV,  
N = 662).  Upon surface modification with the trimethylchlorosilane, the event magnitude 
became more disperse and much higher than anticipated by Equation 2.6, I = 390 ± 167 
pA (N = 99).  Previous literature has demonstrated mass discrimination a polydisperse 
poly(ethylene glycol) (PEG) using nanopore surface interactions.
107
  Sufficiently long 
polymer – pore interactions allowed the PEG molecules to behave less like rigid rod 
polymers within the nanopore producing ionic conductance perturbations commensurate 
with the molecular mass.  Similarly, the DNA ladder produced a dispersed amplitude 
signal when passed through the trimethylated nanopore (Figure 2.16-B).  Unfortunately, 
the scarce number of events detected, within the present work, before pore occlusion 
makes it difficult to unambiguously discriminate sub-populations based upon the current 
response.  Overall, however, the response supports Kim et al. claims that increased active 
sites of the longer DNA can be used to differentiate from shorter strands.
91
   
 
 
58 
 
Surface modification also provides a means for controlling the nanopore 
dimensions.  No tiered events were observed in any of the surface modified nanopore 
experiments.  While the number of events were limited, there were indications of a 
number of failed translocations indicated by the fast (< 1 ms) spiked events in  
Figure 2.15.  Solid-state platforms provide a straightforward method for increasing or 
decreasing the nanopore dimensions to accommodate the surface coating of choice while 
minimizing transverse DNA motion.  Further investigations into these effects were 
limited by a number of challenges including irreversible adsorption of relatively long 
DNA molecules and wetting of hydrophobic nanopores.  The latter concern will be 
discussed briefly in the next section.   
Discussion of Hydrophobic Nanopores 
Surface modification using alkyl chlorosilanes was chosen because of their 
established use in chemical separations, the commercial availability of a variety of 
functional groups, and the ease with which they can be deposited.  Within this work, 
hydrophobic nanopores ( > 90) presented challenges to nanopore wetting and have the 
potential for nanobubble formations.  In the absence of pressure driven flow these 
bubbles were difficult to remove. Recent work has demonstrated success in the use of 
electrowetting to control the wetting and dewetting mechanism within hydrophobic 
nanopores.
92,93,108,109
  Previous literature using hydrophobic ( ~ 102, commensurate 
with the hydrophobicity of the octyl silane modified surfaces) achieved electrowetting 
through conical nanopores with dimensions ranging from 4-500 nm using electric fields 
less than 5 kV/cm.
92
  Similar results were not observed with the symmetrical TEM milled 
nanopores.  Within the present work, trimethyl and octyl silane modified nanopores were 
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difficult to wet even using electric fields in excess of 300 kV/cm.  The two orders of 
magnitude difference between this work and the literature value demonstrates the 
increased difficulty of wetting smaller, symmetrical nanopores with hydrophobic 
surfaces.   
2.4 Conclusion 
Nanopore technologies have the ability to manipulate and detect conformational 
and structural changes of single molecules of DNA.  Using conductometric sensing these 
platforms provide rapid, label-free detection of relatively long DNA (> 1000 bp).  
Temporal and geometric resolution constraints, however, have limited nanopore 
sequencing ability.  Genetic augmentation of biological ion channels has been explored to 
circumvent these resolution limitations.  While initial sequencing has been demonstrated 
with -hemolysin and MspA analogues,51,54,56,58 cumbersome site specific modification 
of protein ion channels and gating effects limit the versatility with which these platforms 
can be enhanced or translated for non-sequencing applications.  
Alternatively, solid-state nanofluidic devices offer greater versatility in channel 
dimensions, straightforward surface modification, and greater environmental stability 
than biological ion channels.  While solid-state nanopores may appear chemically inert to 
DNA molecules traversing the pore, surface modification methods have been investigated 
to provide solid-state translocation conditions which may favor sequencing applications.  
The present work investigated hydrophobic alkyl chlorosilane coatings which might 
enhance surface interaction of the DNA and nanopore, while retaining the long read 
capability of these single molecule platforms.  Similar to previous claims, difficulties 
were experienced in continuously monitoring the translocation of relatively long ds-DNA 
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(-DNA, 48.5 kbp) through modified nanopores.  The use of hydrophobic nanopores 
required higher electric fields to initiate translocation events.  The increase in velocity 
expected  through the use of higher fields was shown to be offset by the increased DNA – 
wall interactions.   
Surface modified nanopores did, however, enhance translocation events in two 
ways.  First translocation events were limited to single level events consistent with fully 
linearized DNA molecules.  This demonstrates the ability of surface coatings to be used 
to control the effective nanopore dimensions.  Second the I response was greater than 
the response expected from rigid rod approximations of DNA passing through cylindrical 
nanopores.
39
  This effect was shown to only occur in the presence of a modified nanopore 
surface.  Using alternative surface coatings which balance the hydrophobic and 
electrostatic interactions between DNA and the interior surface, nanopores may not only 
assist in single molecule sequencing applications but also in applications requiring size 
discrimination of the DNA molecules. 
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2.5 Figures and Tables 
 
 
FIGURE 2.1: The basic components of double stranded DNA have been depicted here 
(not drawn to scale).  Base stacking and hydrophobic interactions result in the formation 
of a double helix, with a pitch of 3.4 nm.  A.) Genetic nucleotides are organized in two 
antiparallel (3’ to 5’ end) phosphate sugar polymer chains with a cross-sectional diameter 
of 2 nm.  B.) Purines, (A – adenine and G – guanine) form specific base pairings (bp) 
with pyrimidines, (T – thymine and C – cytosine, respectively) through hydrogen 
bonding with commensurate shape and size, which allows any sequence of nucleotides to 
be stacked along the phosphate backbone.  C.) DNA is negatively charged due to the 
localized negative charge along the phosphate backbone.   
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FIGURE 2.2: Illustration of the Sanger sequencing response.  A.) Restriction digested DNA (blue) was separated into four reations 
with the respective dideoxynucleotide triphosphate chain termination inhibitors, and the remaining 3 nucleoside triphosphates.  DNA 
polymerase then replicates the template DNA molecules until one of the 2’,3’-dideoxynucleoside triphosphates is incorporated, 
terminating fragments with a known base.  Slab gel electrophoresis was then used to separate these fragments.  The relative size of 
these fragments could then be used to determine the sequence of the template molecule.  B.) With the advent of fluorescently labeled 
didoxynucleotides, the DNA fragments could be reacted and separated from a single reaction using capillary electrophoresis (CE).  CE 
coupled with optical detection methods could then be multiplexed and and automated to provide higher efficiency sequencing. 
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FIGURE 2.3: Artificial lipid bilayer membrane.  A.) Thin lipid bilayer films can be suspended across a solid support.  B.) Some 
isolated proteins can be reconstituted within these lipid bilayer films to create transmembrane protein ion channels.  Reconstituted 
channels allow protein interrogation in cell-free environments. 
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FIGURE 2.4: Biological ion channels can be reconstituted within artificial lipid bilayers and used for detecting single molecules of 
DNA.  A.) Both native and genetically engineered analogues of -hemolysin have been investigated for genomic sequencing 
applications.  Here we see a mushroom shaped heptameric protein with limiting aperture of 1.5 nm and stem length of 5.2 nm. This 
image has been reprinted from Reference 110, © 1996 American Association for the Advancement of Science.  B.) MspA protein has 
been genetically modified to eliminate gating effects and reduce the native negative charge of the pore interior to allow translocation 
of ss-DNA.  The limiting aperture is shorter (0.5 nm) and narrower (1.2 nm) than that of -Hemolysin, increasing conductometric 
sensitivity.  This image has been reprinted from Reference 52, © 2008 National Academy of Sciences of the USA.  C.) The 
genetically altered phi29 protein, in contrast, has a larger diameter (3.6 nm) which allows for the translocation of ds-DNA.  This 
image has been reprinted from Reference 111, © 2009 Macmillan Publishers Limited. 
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FIGURE 2.5: TEM tomography images of a focused electron beam milled nanopore.  A-
B.) Angled tomography reconstructions of a solid-state nanopore milled by FEB 
methods.  C.) First pass TEM milled nanopores have a biconical profile with a relatively 
sharp angled, small nanopore features.  D.) Wider nanopores were produced by 
increasing the dwell time of the FEB at the center of the nanopore and translation of the 
stage.  By continuing to impact this thinned region of the nanopore the angle of the 
biconical feature becomes more smooth and produces a cylindrical profile at the 
midsection of the nanopore.  In contrast, a defocused electron beam can induce relaxation 
of the silicon nitride film, which can be used to reduce the milled nanopore dimensions.  
This shrinkage process produces the profile illustrated in red.  This image has been 
reprinted from Reference 63, © 2007 IOP Publishing. 
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FIGURE 2.6: Solid-state nanopore device capable of single molecule DNA sensing.  A.) 
(Left) Transmembrane potential is applied across the solid-state membrane inducing ionic 
conductance.  Cis refers to the entrance of the nanopore and the reservoir containing the 
DNA suspension.  Uniformity of the background electrolyte (red dots) has been 
exaggerated to illustrate perturbation of the quiescent current in the presence of DNA 
(right).  DNA diffuses in proximity to the capture radius of the nanopore which increases 
with increased electric field.  Within the capture radius, the molecule is 
electrophoretically threaded through the orifice, resulting in a perturbation of the 
quiescent current. In free solution, sufficiently long DNA forms random coils.  B.) 
Double-stranded DNA has been illustrated passing through a solid-state nanopore in an 
ideal linear fashion.  Image courtesy of Dr. Michael Woodson.    
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FIGURE 2.7: A.) Using this design 4 mm x 4 mm nanochips were photolithographically 
patterned onto the silicon/silicon nitride substrate.  B.) A 5 cm x 2 cm substrate has been 
batched processed to simultaneously produce 44 selectively etched silicon nitride 
membranes.  The 1 cm x 1 cm region in the top left hand corner of the pattern was 
reserved for ellipsometry measurements of SiNx film thickness.  See text for details. 
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FIGURE 2.8: Silicon nitride membrane fabrication protocol.  Silicon nitride was deposited on both sides of a silicon substrate.  A 
protective coating of photoresist was then spin-coated on both sides of the substrates.  A single side was then exposed to the chip 
design.  The silicon nitride was then selectively etched using 85% H3PO4 at 160C.  The exposed silicon substrate was then etched 
using 40% KOH at 75C.  This process revealed a thin film of silicon nitride as shown in the bright field image on the right.  An 
etched chips was then placed within the TEM and subjected to focused electron beam milling which produced transmembrane 
nanopores with sub-nanometer precision.  Image courtesy of Dr. Laurent D. Menard. 
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FIGURE 2.9: A.) A 10 nm pore was modified using trichloroperfluorsilane.  B.) EELS spectra of the silicon nitride membrane and 
nanopore region.  The presence of fluorine, carbon, and oxygen within the nanopore indicate silane modification occurs within the 
nanopore volume.  There is an absence of fluorine outside the nanopore because the membrane had been treated with an alkyl alkoxy 
silane prior to the introduction of the trichloroperfluorosilane.  Note that spectra correspond to regions indicated in ADF-STEM 
image.   
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FIGURE 2.10: Schematic of solid-state nanopore experiment (not drawn to scale).   
A.) Nanopore chips were assembled within custom PDMS cells which contained 
reservoirs for electrolyte exchange and insertion of electrodes.  A patch clamp amplifier 
was used for all conductometric sensing.  B.) DNA was introduced to the nanopore from 
the unetched side of the SiNx/Si/SiNx chip, referred to as the cis side.  The length of the 
nanopore was dictated by the membrane thickness.  DNA molecules were at least 2 
orders of magnitude longer than the nanopore.  
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FIGURE 2.11: Ellipsometry characterization of silicon nitride films.  A.) (top) Elliptical polarized light has been illustrated on a right 
hand Cartesian coordinate plot, in which the wave is traversing along the axis.  (bottom) Linear (red) and circular (blue) polarized 
light are special cases of elliptical polarized light in which the phase shift equals 0 and 90, respectively.  B.) Schematic of variable 
angle spectroscopic ellipsometer.  Unpolarized monochromatic light from the 75 W Xe lamp passes through a polarizer and hits the 
surface at prescribed angles.  This light reflects off the surface in a elliptical polarized light and passes through a polarization analyzer 
and is detected by a photomultiplier tube (PMT).  C.) Parameters of the relative Fresnel reflection coefficients,  (red) and  (blue), 
are used to develop a spectrum characteristic of the film properties.  Here we see the spectrum of silicon nitride film after wet etch 
processing.  A Cauchy model (solid lines) was used to model the optical constants of low stress silicon nitride (SiNx) and used to 
determine membrane thickness. 
Linear 
Polarizer 
Polarization 
Analyzer 
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TABLE 2.1: Water contact angle and ellipsometry measurements for native and surface 
modified silicon nitride substrates.  Ellipsometry measurements incorporated a 12 ± 1 nm 
silicon oxide layer between the silicon nitride membrane and the alkyl chlorosilane film.  
In the case of the alkyl silane films, the plasma treatment (air plasma, 18 W for 5 
minutes) was preformed prior to monolayer formation. 
 
Coating  Plasma 
Treatment 
Water 
Contact Angle 
Film Thickness 
(nm) 
 
Silicon Nitride  
Y ~0  
N 39  
 
Trimethylchlorosilane  
Y 79 ± 2  
N 82 ± 3 0.3 ± 0.5 
 
Octyldimethylchlorosilane 
Y 95 ± 2  
N 97 ± 2 1.3 ± 0.2 
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FIGURE 2.12: A.) A nanopore was milled in a 30-nm thick silicon nitride membrane 
with a diameter of 2.5 nm.  B.) I-V curve of the pore in 1 M KCl.  TEM milled nanopores 
produced an ionic conductance greater than expected from cylindrical approximations  
(d = 3.3 nm) contributed by the access conductance of the biconical nanopore (inset not 
drawn to scale).  Data analysis of the pore conductance relative to the TEM imaged 
diameter indicated a symmetrical biconical geometry with  = 7.6.  Knowing the length 
of these nanopores we can estimate a diameter of 6.5 nm at the entrance and exit of the 
nanopore.   
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FIGURE 2.13: A silicon nitride nanopore (diameter 10 nm, length = 30 nm) was capable of detecting single molecules of -DNA with 
blockade events that were commensurate with the expected I response described by Equation 2.6.   
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FIGURE 2.14: Translocation data analysis of events measured using a 10 nm diameter pore.  A) Using a custom MATLAB program, 
DNA translocations events were classified as single-level (red) or tiered (blue) events.  B.) Current blockage histogram of single-step 
and tiered events.  C) Dwell time histogram. D) Scatter plot of event amplitude versus event duration.  A Gaussian distribution was 
used to fit single-level event amplitude I.  A log-normal curve was used for the translocation event duration, t. 
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FIGURE 2.15: Overlay of current traces acquired from a octyl silane functionalized nanopore.  The blue trace exhibits the maximum 
quiescent current of ~2900pA, with translocation events of characterized by 440 ± 75 pA (200 mV) current blockage.  After 
approximately 5 minutes of operation the pore was obstructed as demonstrated by the decreased quiescent conductance (red).  No 
further translocations were observed after this point. 
77 
 
 
 
 
FIGURE 2.16: Using a equimolar DNA ladder solution (1-10 kbp), DNA was introduced 
to a native a SiNx nanopore.  A.) Within the native nanopore translocation events from 
the sample components were indistinguishable based upon their amplitude, I = 213 ± 10 
pA.  B.) Within the surface modified nanopore, the DNA ladder produced a distribution 
of translocation event amplitudes.   
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CHAPTER 3 
SPECIFIC ANTIGEN – ANTIBODY COMPLEX  
DETECTION IN NANOPORES 
3.1 Introduction 
Using label-free conductometric sensing nanofluidic devices are capable of 
characterizing biological macromolecules based on an electrical response not observed in 
microfluidic or larger systems.  This ability arises because the critical dimensions of the 
nanometric devices are commensurate with the dimensions of these analytes, the diffusion length 
scales of small molecules, and the electrical double layer (EDL).  The high surface to volume 
ratio of the nanofluidic devices enhance surface induced interactions between the analyte and the 
nanopore interior surface, improving mass transport and the response time of the nanofluidic 
sensor.  Solid-state nanopores (nanometric in three dimensions) provide an environmentally 
robust platform capable of straightforward control of critical dimensions and surface.  Solid-state 
nanopores modified with receptor molecules (e.g. antibodies, organelles, enzymes)
1
 could enable 
fabrication of nanofluidic biosensors capable of specific analyte detection.
2,3
  
Coined in 1977 by Karl Camman, the term biosensor refers to an integrated device with 
biological modifiers or recognition sites that can translate a biological response of a target 
analyte to a quantitative or semi-quantitative analytical response.
4,5
  Two key components of 
these biosensors are the biological receptor and the signal transduction element.
6
  Receptors can 
range from a variety of biological components including antibodies, enzymes, membranes, and 
cells
1
 which are bound to or held in close proximity of the transduction element enabling 
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selective and fast response to the target analyte.  The transducer (e.g. optical, amperometric, 
piezoelectric detection platforms)
1
 must provide a fast response time to analyte with a dynamic 
range commensurate with the biologically relevant concentration.  High specificity is best 
exemplified by the antigen-antibody complex formation
1
 which has proven useful for a number 
of clinical applications.
7,8
  
Antigen-Antibody Complexes 
Specificity of the antigen-antibody complex is an inherent property of the antibody 
synthesis.  Within mammalian organisms an immune system response is initiated when a foreign 
substance, the antigen, is discovered in the host body.  The immune system then identifies unique 
properties of the antigen and produces a specific binding agent, the antibody, to bind to the 
foreign antigen, neutralizing the threat with minimum perturbation to the surrounding 
environment.   
Introduced during the enzymatic work of Emil Fischer in 1895,
9-11
 and later adapted by 
Paul Ehrlich (Nobel Prize 1908),
12
 conformational compatibility between the antigen and 
antibody has been used to explain the high specificity of antigen-antibody complexes.  
Analogous to a lock and key, this molecular recognition has been confirmed using crystal 
structure comparisons of the antigen (Ag), antibody (Ab), and antigen-antibody (AgAb) 
complexes.
9,13
  Conformational capability coupled with an ensemble of intermolecular forces 
(i.e. hydrogen bonding, van der Waals forces) create reversible complex formations described by 
Equation 3.1, 
      
 
            (3.1) 
where k is the rate constant.  The specificity and strength of these associations can be 
characterized using the equilibrium association constant (Ka, molar units) shown in Equation 3.2. 
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     (3.2) 
Equation 3.2 compares the rate of the forward reaction (kon) to that of the reverse reaction (koff) 
of Equation 3.1, in which [Ag], [Ab], [AgAb] are the concentrations of the antigen, antibody, 
and antigen-antibody complex, respectively; and a and b are exponents used to describe the 
kinetics of the reaction (e.g. 1
st
 order rate reaction, a = b = 1).   
Immunometric Analysis 
The use of highly specific antigen-antibody complex reactions (such as between biotin 
and avidin derivatives)
14,15
 is prevalent in clinical diagnostics because the presence of the 
antibody is indicative of the presence of the corresponding antigen, or disease.
7,8
  Quantification 
of these antigens can also be used for anatomic stage prognosis.
16,17
  Immunometric assays using 
these antigen–antibody complexes were initially accomplished using competitive binding of 
radioisotope markers.
8,18,19
  In 1966 Stratis Avrameas introduced immunoassay methods which 
conjugated signal generating enzymes to antigens and antibodies as a means of avoiding the 
hazards and instabilities of radioisotopes.
20,21
  Later developed into the enzyme-linked 
immunosorbant assay (ELISA) this method has become one of the most prominent immunoassay 
protocols in clinical use.
22,23
   
Quantification of [AgAb] requires separation of the reacted complex from the unbound 
analyte (Ag and Ab) found in solution.  Often this is accomplished by binding either the antigen 
or antibody probe molecule to a surface (e.g. microtiter plate).
24,25
  In a direct assay the antigen is 
adsorbed to the surface (Figure 3.1-A).  An enzyme labeled antibody is introduced in solution 
and captured at the surface.  Unreacted antibody is removed in a series of solution exchanges.  
The enzyme linker is then activated, generating a signal commensurate with the antigen 
concentration.  Indirect capture assays, in contrast, bind the antibody to the surface and target the 
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antigen molecules in solution (Figure 3.1-B).  A secondary complex formation is used to 
generate the signal.  The antigen is modified with a primary (1) antibody, which is subsequently 
reacted with a labeled secondary (2) antibody.  While this method is more cumbersome to 
design (i.e. finding compatible 1 and 2 antibodies, multiple wash/reaction steps), it has been 
documented to improve signal to noise and minimize the interference from cofactors found in the 
antigen sample.
14
  
Extensive van der Waals forces coupled with biotin’s ability to bury itself within the 
barrel of the avidin protein
26,27
 create one of the strongest non-covalent complex formations 
found in nature (Ka = 10
15
 M).
28,29
  The high binding affinity, specificity, and stability of the 
avidin-biotin complex make it a good candidate as a secondary binding complex (Figure 3.1-B, 
green and orange).  Isolated from egg whites, avidin is a cationic (pI = 10.5) glycoprotein that 
specifically binds the small molecule biotin with high affinity (Ka = 10
15
 M).
29
  This high binding 
affinity can be exploited for a number of affinity binding applications, however, the strong 
cationic nature of avidin at physiological pH (at or near neutral pH) creates opportunities for 
electrostatic non-specific binding.  Streptavidin (a bacterial analogue of avidin),
30
 in contrast, is a 
non-glycosylated anionic protein (pI = 5.1) with less susceptibility to non-specific binding
31
 and 
has been successfully implemented within indirect histochemical
32,33
 and immunological 
assays.
14,15,34,35
    
As a small molecule, biotin can be attached to a number of biomolecular analytes with 
relative ease often using commerically available reagents.
36-39
  Biotinylation of these proteins 
constitutes the 1 antibody modification of the sandwich assay (Figure 3.1-B, green).  
Streptavidin molecules conjugated with an enzyme or fluorophore tag constitute the 2 antibody 
(Figure 3.1-B, orange).  A tetrameric protein, streptavidin is capable of binding up to four 
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biotins;
27
 a property that has proven useful in signal amplification.
40-42
  Optical detectors are 
primarily employed for signal transduction.
22,35-39
  Using 96 well microtiter plates or microbeads, 
these techniques can be multiplexed in space with relative ease.  Immunoassays with optical 
detectors, however, require a number of costly reagents including fluorescent tags, enzymes, 
catalytic substrates, and a number of compatible antibodies.  Solid-state nanopores offer a label-
free alternative with a conductometric response amenable to electrical data acquisition and 
computational analysis affording automation.   
Nanopore Biosensor 
Nanofluidic sensing devices have demonstrated single molecule detection of a number of 
analytes including biological macromolecules,
43,44
 trinitrotoluene (TNT),
45
 and some organic 
molecules.
46
  Single molecule detection of an antigen-antibody complex has recently been 
demonstrated by Freedman et al. using native solid-state nanopores.
3
  The monomeric gp120 
protein (Ag, 120,000 Da) and the corresponding antibody (Ab, 150,000 Da) produced distinctive 
perturbations in the ionic conductance when translocated through a 35 nm x 50 nm (diameter x 
length) nanopore in a silicon nitride membrane.  Complexes were twice the size of the free 
proteins and were easily distinguishable by the nanopore sensor.  While the single molecule 
sensitivity of this method is attractive, it requires the antigen – antibody complex to be 
significantly different from the unbound antigen, a property not always observed in antigen – 
antibody complexes.  The structure of streptavidin (54,000 Da),
27
 for instance, is not drastically 
different once complexed to the small molecule biotin (244 Da)
47
 and would be unlikely to 
produce a signal distinguishable from unbound streptavidin. 
Surface modification of the nanofluidic device could, on the other hand, produce a 
biosensor with a high surface to volume ratio capable of signal transduction irrespective of the 
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relative size of the antigen to the antibody.  Karnik et al. have demonstrated selective capture of 
streptavidin within a biotinylated nanoslit device (nanometric in a single dimension).
48
  Using 
this biotinylated device Karnik and associates demonstrated conductometric sensing of the 
charged macromolecule (streptavidin: -1.61 e at neutral pH)
49
 in both high and low ionic strength 
buffers.  In the present study, nanopores in thin insulating membranes (nanometric in three 
dimensions) were biotinylated and used to selectively capture biotin binding proteins, 
demonstrating label-free specific detection.  Furthermore, targets were released from the surface 
to regenerate the probe surface for additional capture.  Previous efforts to specifically bind target 
molecules using antibody surface coatings have produced irreversible capture of the target device 
limiting the device to single usage.
2,50
  The present work demonstrates both capture and release 
of the target protein extending the lifetime of the biosensing device 
3.2 Methods 
Reagents 
All conductometric sensing was accomplished using 1 M potassium chloride (Fisher 
Chemical, > 99%), with 50 mM Tris or cacodylate buffer (Fisher Scientific)  
( ~ 10 S/m).  All buffers were filtered using Anotop syringe filters (20-nm pore size, 
Whatman).  Nanopore surfaces were aminated using 3-aminopropyltrimethoxysilane (3APS, 
Sigma Aldrich 95%) or N-(6-aminohexyl)aminomethyltriethoxysilane (N6AS).  Subsequent 
biotinylation was accomplished using EZ-Link NHS-Biotin purchased from Thermo Fisher.  
Streptavidin and captavidin (Molecular Probes) were used as the target analytes.  Ovalbumin 
(Invitrogen) was used as negative control to demonstrate specificity of the modified 
nanochannel.   
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Nanopore Fabrication and Assembly 
Silicon substrates were prepared by depositing low-stress, non-stoichiometric silicon 
nitride (SiNx, thickness = 60 nm) on both sides of 600 m [100] oriented, p-doped silicon wafer 
using either plasma enhanced chemical vapor deposition (PECVD) or low-pressure chemical 
vapor deposition (LPCVD, deposited by Rogue Valley Micro Devices).  Free standing silicon 
nitride membranes were then prepared using the method described in Chapter 2.  The final 
thickness of the SiNx membrane (which ultimately corresponds to the nanopore length) was 
determined using a variable angle spectroscopic ellipsometer (J. A. Woollam) with a 75 W Xe 
lamp and one millimeter spot size.  A single nanopore was then milled through the thin 
membrane using a transmission electron microscope (TEM, JEOL 2010F) with a field emission 
gun with a beam current exceeding 500 pA/cm
2
 and electron energy of 200 keV.  At high 
magnification (250,000x), these settings produced pores with sub-nanometer resolution.  In each 
of these cases, the diameter of the nanopore was controlled by varying the dwell time of the 
focused electron beam (FEB).   
The nanopore containing membrane was sealed within a polymeric holder designed by 
associates at Nabsys, Inc. and machined in polyetheretherketone (PEEK) and Teflon polymer 
materials by the UNC Physics Machine Shop.  A basic schematic of the fluid flow is shown 
alongside a photograph of the final assembly in Figure 3.2.  Within this design the 4 mm x 4 mm 
nanopore containing chip was sandwiched between two o-ring gaskets creating a gigaohm or 
greater seal.  Coaxial PEEK tubing was secured on both sides of the chip to exchange the 
electrolyte buffer.  Silver/silver chloride (Ag/AgCl) electrodes were held in place at a cross 
junction.  This cross junction was then connected to valves used to introduce sample solutions.  
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PEEK was chosen due to its resistance to acidic, organic, and chlorinated reagents, which 
accommodated the silane reagents used within this work 
Nanopore Modification 
3-Aminopropyltrimethoxysilane - Biotin 
Silicon nitride nanopores (10 nm x 30 nm, diameter x length) were modified in a two-step 
process
51
  in which the nanopore was first coated using a solution of with 3-
aminopropyltrimethoxysilane (3APS) in dry toluene (5% by volume).  The silane was locally 
deposited by introducing the solution to the trans face of the nanopore for 45 minutes and relying 
on diffusion to introduce the silane to the nanopore interior.  The chip was then flushed with 
toluene and then heated to 70C for 1 hour to dehydrate silanol groups in the condensation 
reaction.
52
  The chip was then immersed in EZ-Link NHS-Biotin solution (10 mM) prepared in 
Nanopure water (18 Mcm), and allowed to react for at least 30 minutes at room temperature.   
N-(6-aminohexyl)aminomethyltriethoxysilane – Biotin 
Silicon nitride nanopores (25 nm x 56 nm, diameter x length) were first coated with N-(6-
aminohexyl)-aminomethyltriethoxysilane (N6AS) prepared in dry toluene (10% by volume).  
The silane was locally deposited by introducing the silane on the trans face of the nanopore for 
45 minutes in a nitrogen filled glove bag.  The chip was then rinsed with toluene, placed in a 
sealed vial, and heated to 70C for one hour.  Polymerized silane was then reduced to a 
monolayer film by placing the chip in water heated to 40C overnight.53  The chip was then 
immersed in EZ-Link NHS-Biotin (10 mM) prepared in Nanopure water (18 Mcm), and 
allowed to react for at least 30 minutes at room temperature.   
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Target Analyte Capture and Release 
Solutions of avidin analogs (460 nM streptavidin or captavidin) in buffered electrolyte 
were introduced to the cis side of the nanopore and allowed to diffuse through the nanopore.  The 
reaction was stopped by flushing the system with analyte-free buffer.  The ionic conductance of 
the nanopore was then used to determine surface capture of the target analyte within the 
nanopore.  An Axopatch 200B patch-clamp amplifier (Molecular Devices) capable of measuring 
currents between 1 pA to 10 nA was then used to monitor the ionic conductance.  Ionic currents 
greater than 10 nA were measured using a Keithley picoammeter.  Subsequent release of the 
streptavidin molecule was accomplished by electrokinetically driving the streptavidin from the 
nanopore using a Keithley picoammeter/voltage source, increasing the voltage by 1 V every 30 
minutes until the open-pore conductance was reestablished.  Captavidin was released from the 
biotinylated nanopore by immersing chips in a pH 10 sodium bicarbonate (2 M) buffer for 30 
minutes.   
Driven Protein Translocations through Unfunctionalized Nanopores 
Streptavidin was electrokinetically driven through native SiNx nanopores by applying a 
transmembrane voltage using an Axopatch 200B patch-clamp amplifier (Molecular Devices).  
Protein samples were prepared at 460 nM concentration in 1 M KCl, 50 mM Tris buffer (pH 8,  
= 10 S/m).  Between experiments, nanopores were stored in Nanopore water (18 M).  
Translocations events were selected and analyzed using custom MATLAB programs (Appendix 
A-B). 
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3.3 Results and Discussion 
Fabrication in LPCVD Silicon Nitride 
Thin silicon nitride films were batch processed using the methods described in Chapter 2.  
Previous fabrication was accomplished using solely PECVD deposited nitride films.  The present 
work utilized both PECVD silicon nitride films and low-stress silicon nitride films deposited 
using a LPCVD method developed by Rogue Valley Micro Devices.  Variable angle 
spectroscopic ellipsometry was used determine the etch rate and final thickness of each of the 
silicon nitride films after the wet etch process.  LPCVD films were deposited with a greater 
nitride density making them less susceptible to wet etch processes than PECVD films.  Within 
the 85% H3PO4 solution heated to 160C, the LPCVD silicon nitride etched at a rate of 2.2 nm 
per minute, in contrast to the PECVD nitride that etched at 10 nm per minute.  The 40% KOH 
heated to 75C solution used to etch through the 600 m silicon support while selective for the 
silicon, also etched the PECVD nitride at a rate of  5 nm/hour over the course of the 6+ hour 
process.  The LPCVD, in contrast, demonstrated a 10-fold slower etch rate in the KOH solution  
(0.5 nm/hour), producing films were only modestly reduced from the original film thickness 
(Table 3.1).   
The resistance of the LPCVD silicon nitride to the etching solution did, however, present 
some challenges to subsequent nanopore fabrication.  Original efforts using these LPCVD silicon 
nitride films often resulted in redeposition of fragmented film debris on the surface of the silicon 
nitride membranes (Figure 3.3-A).  The diamond-shaped features present between adjacent 
nanochips resulted in residual silicon nitride which could redeposit on critical areas of the 
nanochip.  Shown in Figure 3.3-B is a low magnification bright-field image of the silicon nitride 
window in which a nanopore was milled.  Nanopores milled through these films were 
  
97 
 
characterized with highly unstable quiescent current as shown in Figure 3.3-B (right).  The mask 
design was altered to expose the previously masked diamond-shaped regions, resulting in a 
larger area exposure of these films to the etch solutions.  Coupled along with a series of washes 
in a 5% Contrad cleaning solution, this mask alteration produced clean silicon nitride membranes 
as shown in Figure 3.3-C.  Nanopores with stable quiescent current were then used to create 
biotinylated sensors. 
3-Aminopropyltrimethoxysilane – Biotin Modification 
Surface modification of the silicon nitride nanopore was accomplished using a two step 
process monitored using the ionic conductance.  Ionic conductance of the native FEB milled 
nanopore was ohmic (V = IR) in nature as shown in Figure 3.4-A.  Localized amination of the 
nanopore interior and trans side of the membrane produced a asymmetrical profile to the ionic 
conductance (Figure 3.4-B).  Upon subsequent biotinylation using the EZ-Link NHS Biotin 
reagent, the ionic flux returned to ohmic behavior (Figure 3.4-C).   
The return to a symmetrical I-V curve after the surface biotinylation suggested that the 
rectification observed from the aminated nanopore was due to a surface charge affect
54,55
 as 
opposed to a geometric affect.
55-57
  Despite the use of a high ionic strength buffer (1 M KCl, 
Debye length < 1 nm), the aminated nanopore (pKa = 11)
58,59
 exhibited preferential counterion 
(Cl-) flux when biased in the negative polarity (V < 0) and a reduction in co-ion flux (K
+
) when 
driven towards the aminated trans side of the nanopore (V > 0).  This transition from rectified to 
ohmic I-V behavior also suggested full coverage of the nanopore sensing region.  The finite 
thickness of the surface coating progressively reduced the overall diameter of the nanopore 
sensor.  Assuming a cylindrical nanopore Equation 3.3 can be used to characterized the nanopore 
dimensions 
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   
  
 
   
     (3.3) 
where Gn is the nanopore conductance in high ionic strength buffer,  is the bulk solution 
conductivity, dn is the diameter and ln is the length of the nanopore.  The difference between the 
native nanopore diameter and the 3APS – Biotin coated nanopore was approximately 2 nm as 
illustrated in the cross-sectional view of Figure 3.4-D, which agrees well with the assumption 
that the nanopore diameter should be reduced by 2x the length of the of monolayer film 
thickness.   
Specific Capture and Release 
Streptavidin capture within the 3APS-biotinylated nanopore induced a significant drop in 
the ionic current (Figure 3.5-A, green).  Total occlusion of the nanopore was accomplished and 
maintained even at high electric field strengths (up to 1 MV/cm) indicative of the strong, specific 
binding of the streptavidin – biotin complex (Ka = 10
14
 M).  Dissociation of the complex was, 
however, achieved at 1.1 MV/cm.  This rupture dissociated the streptavidin molecules from the 
nanopore reestablishing the ionic conductance, and regenerating the probe surface for further 
capture (Figure 3.5-A, red).  A simplified circuit (omitting the capacitance of the membrane in 
the absence of an alternating current) is illustrated in Figure 3.5-B.  Access resistance (Ra) from 
the convergent and divergent ion pathways at the entrance and exit of the nanopore are in series 
with the nanopore resistance (Rn).
60
  Assuming a 10 nm x 30 nm (diameter x length) cylindrical 
nanopore, 80% of the voltage was dropped across the nanopore (Rn).  The force experienced by 
the streptavidin molecule (assuming a -2e charge)
49
 was then calculated to be 34 pN, which is 
commensurate with the rupture force previously reported in the literature.
61,62
   
The specificity of this reaction was investigated using the protein ovalbumin as a 
negative control.  An equimolar solution of ovalbumin introduced to the biotinylated nanopore 
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for a one hour time period exhibited no change to the ionic current.  The biotinylated nanopore 
was subsequently incubated in the ovalbumin solution overnight, and the ionic conductance trace 
(Figure 3.6, purple) plotted with the previous streptavidin capture (green) for comparison.  
Unlike the specific capture of the streptavidin which completely occluded the nanopore, ionic 
conductance was still observed through the nanopore despite the extensive exposure to the 
negative control.  The activity of this surface was then tested to insure the 1.1 MV/cm field and 
ovalbumin incubation had not passivated the biotin surface.  Similar to the previous trial, 
streptavidin was captured within the regenerated biotinylated nanopore, completely occluding 
the nanopore volume and depleting the ionic conductance (Figure 3.6, black open squares).  
While specific capture and release has been successively demonstrated, the functionality of these 
surfaces were short lived.  Alternative methods were therefore investigated to increase the 
lifetime of these biosensors.   
Alternative Methods 
N-(6-aminohexyl)aminomethyltriethoxysilane – Biotin Modification 
Over time the ionic conductance of the 3APS – biotinylated nanopores became unreliable 
especially when stored in the aqueous solution at room temperature.  Shown in Figure 3.7 is the 
ionic conductance of a nanopore with a 3APS surface coating.  Newly aminated surfaces 
exhibited significant rectification when biased in the positive direction (V > 0) (Figure 3.7, blue).  
Over time, however, the ionic conductance gradually increased, eventually returning to the 
native nanopore conductance.  Propylamine silanes have been documented in the literature to 
catalyze attachment and detachment of silane surface coatings.
53
  In aqueous environments the 
propylamine surface coatings can form a stable five-membered ring, with association between 
the amine and the siloxane functional group catalyzing hydrolytic desorption of the silane from 
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surfaces.  This hydrolytic degradation can be avoided by controlling the length of the alkyl linker 
(discouraging the five-member ring coordination) or by protecting the surface from hydrolytic 
attack using extended pendant functional groups on the silane.
53
   
N-(6-aminohexyl)aminomethyltriethoxysilane (N6AS) was therefore used in place of the 
3APS reagent because its long alkyl chain linkage circumvents the five-member ring 
intermediate which caused coating desorption and the monolayer film has demonstrated 
resistance to aqueous solution degradation.
53
  Trichloro- and trialkoxysilanes have previously 
been avoided within this work because polymerization of the silane
63
 leads to multi-layer 
depositions that can inhibit ionic conductance within these nanoconfined environments.  Loosely 
bound multi-layers of N6AS, however, could be reduced to single monolayer films by immersing 
the coatings in water heated to 40C.53  The production of these monolayer films was monitored 
within a silicon nitride nanopore with native dimensions of 25 nm x 56 nm (diameter x length) as 
shown in Figure 3.8-A.  After exposure to the heated water, the highly rectified ionic 
conductance of the multilayered N6AS nanopore (Figure 3.8-A, red) has been reduced to a 
monolayer film with less ionic rectification in the ionic (green).  The nanopore was then 
biotinylated using the NHS-Biotin reagent, further reducing the ionic conductance (Figure 3.8-B, 
blue).  N6AS – biotinylated nanopores were stable in Nanopure water (18 Mcm) over three 
weeks.   
Captavidin Capture 
Methods to increase the reversibility of the streptavidin – biotin complex formation have 
been investigated using both site-directed mutagenesis and chemical modification.
64-70
  In the 
mid 1990s, Bayer et al. identified a singular tyrosine residue at position 33 of the avidin 
sequence critical to specifically binding biotin.  Through nitration of this tyrosine, Bayer and 
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associates demonstrated reversible capture of biotin molecules as a function of pH.
64
  Molecular 
Probes has since licensed the technology to produce Captavidin
TM– a biotin-binding protein that 
specifically binds to biotin at low pH (pH 4, Ka = 10
9
 M
-1
) and capable of dissociation at pH > 
10.
71-73
  Within the present work, N6AS – biotin modified nanopores were reacted with 
Captavidin to detect pH controlled capture and release within nanopore biosensors.   
Captavidin in pH 5.5 buffer (1 M KCl, 50 mM cacodylate) was introduced to the cis side 
of the N6AS – biotinylated nanopore and allowed to diffuse across the membrane.  After an 
hour, unbound protein was rinsed from the system and replaced with analyte-free electrolyte 
buffer.  Capture of the protein produced a decrease in the ionic conductance (Figure 3.9, solid 
red line).  The high pH buffer was then used to release captavidin, returning the channel 
conductance to its previous value as shown in Figure 3.9 (red dotted line).  This process was 
repeated within the same nanopore seven times.  Within these large diameter nanopores (native 
dn = 25 nm), total occlusion of the nanopore was not observed within the one hour time period.  
Suppression of the ionic conductance was only observed in the presence of the biotin–binding 
protein.  The negative control ovalbumin produced no significant change to the ionic 
conductance of the N6AS – biotin nanopore (Figure 3.10).   
Discussion: Real-time Monitoring 
The specific capture demonstrated within the present work has been accomplished using 
diffusion limited incubation methods.  While nanopores are capable of rapid conductometric 
sensing, capture of the biotin-binding proteins (streptavidin and captavidin) was not observed 
when driven through the nanopore using an electric field.  Previously observed reaction kinetics 
suggest streptavidin – biotin reactions should occur within 10-100 s of nanoseconds.33,74  
Biotinylated nanopores, however, never exhibited real-time signal transduction in the presence of 
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the targeted analyte.  This observation was made under both electrosmotic and electrophoretic 
electrode configurations for a range of field strengths (15 -50 kV/cm).   
Real-time monitoring of streptavidin through native silicon nitride nanopores was, 
however, observed when configured for electrosmotic transport of the negatively charged 
streptavidin molecule.  Unlike the electrophoretic transport of ds-DNA observed in the previous 
chapter, negatively charged streptavidin was driven towards the cathode as illustrated in Figure 
3.11-A.
49
  No translocations were observed in the opposite configuration.  To explain this 
occurrence we must consider the surface charge of the native nanopores.  Silicon nitride films 
stored in ambient laboratory conditions undergo oxidation, thus forming a thin native oxide film 
at the surface.
75
  This oxide surface undergoes proton dissociation in neutral pH as shown in 
Equation 3.4.
76
   
SiOH  SiO- + H+,  pKa 4.7    (3.4)  
Counterions are electrostatically attracted to the surface creating the electrical double layer as 
illustrated in Figure 1.4.  The migration of these counter-ions along the surface of the nanopore 
in an applied electric field induces electrosmotic flow (eo > 0) that opposes the electrophoretic 
mobility (ep < 0) of the negatively charged streptavidin molecule.
77-79
  The apparent mobility 
() of the protein is then observed as the sum of these opposing forces as shown in Equation 3.5. 
              (3.5) 
We observed that the magnitude of the electrosmotic flow overcame the electrophoretic force, 
resulting in an overall mobility of the negatively charged streptavidin molecule towards the 
cathode as illustrated in Figure 3.11-A.   
In high ionic strength buffer, the conductometric response is governed by the volumetric 
displacement of the electrolyte ions passing through the nanopore.  The net mobility of the 
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streptavidin molecule is lower than the ions in the electrolyte buffer (K
+
 and Cl
-
) causing a 
reduction in the ionic current commensurate with the volume of the streptavidin molecule (5.4 
nm x 5.8 nm x 4.8 nm).
27
  Temporary suppression of the ionic current during the streptavidin 
translocation produced downward current transients as shown in Figure 3.11-B.  Protein 
translocation events were significantly shorter than DNA translocations observed in Chapter 2, 
producing spiked events as opposed to the flat-bottomed profiles shown in Figure 2.13.  Within 
the present work a 5 kHz filter was used to acquire this data limiting the temporal resolution to 
100 s.  The appearance of peaks in these studies suggests that the streptavidin did occupy the 30 
nm length pores for sufficient time to react with the biotinylated surface.  The explanation for the 
absence of the real-time signal in biotinylated pores remains unclear.  Translocation events were, 
nevertheless, characterized within these native nanopores to further understand the 
characteristics of protein transport.   
Pedone et al. have investigated methods for analyzing short duration events which 
approach the temporal resolution of the data acquisition hardware.
80
  Square wave current pulses 
were fed into a HEKA EPC 8 patch-clamp amplifier with a seven-pole Bessel filter (10 kHz, 
temporal resolution of 50 s).  The patch-clamp response was compared to the original wave 
profile as illustrated in Figure 3.12.  The profile of the events measured by the patch-clamp 
amplifier (black dots) became progressively more truncated and distorted as the duration of the 
pulse decreased from 120 s to 20 s.  Limited by the finite rise time of the filter, the patch-
clamp amplifier did not have enough time to reach the full maximum amplitude and return to the 
quiescent current thereby distorting event amplitude.  Conventional methods of measuring the 
event maximum deviated further from the nominal height (h) of the pulse as the duration of the 
event decreased Figure 3.12-A.  Pedone and associates proposed an alternative method for 
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reporting translocation statistics which could more accurately represent the translocation signal.
80
  
Within their study the slope at the onset of the event (Figure 3.12-C red) was a more sensitive 
metric of the event magnitude.  The magnitude of the event could then be determined from the 
product of the slope with the constant, z, which was approximately 0.027 s-1 when the event 
duration was greater than 30 s.  Below this duration the term z significantly varied as a function 
of the pulse duration.
80
  Analysis of the slope at the onset of the event was found to be a more 
accurate determination of the nominal event height using this method (Figure 3.12-A, red).   
Pedone et al. also recommended measuring the event duration from the start of the event 
onset until the end of the maximum current displacement (t*) as oppose to the time required for 
the current to return to the quiescent state (t).  This adjustment omits the rise time of the filter at 
the end of the event.  Figure 3.12-E illustrates that both t* and the full width at half max 
(fwhm) were more accurate metrics in determining the nominal pulse duration. 
Streptavidin translocation events acquired within the present work were therefore 
evaluated using both conventional methods and the methods proposed by Pedone et al.  Without 
foreknowledge of the event profile it was not possible to determine the constant z.  Nevertheless, 
the onset slope is proportional to the amplitude for sufficiently long duration events.  A custom 
MATLAB program (Appendix B) was used to simultaneously plot the translocation data shown 
in Figure 3.13 (conventional method: A-C, Pedone et al. method: D-F).  The results analyzed 
using the methods of Pedone et al. (i.e. slope and t*)80 showed narrow, less skewed distributions 
than those generated using conventional methods (i.e. maximum amplitude and t), suggesting a 
more accurate representation of the event statistics.  For the remainder of this work, translocation 
events were analyzed using the methods represented by the lower half of Figure 3.13.  
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The effect of the electric field on translocation events was studied over the range of 15 – 
50 kV/cm.  Figure 3.14 shows the median values of the event duration (t*) and the frequency of 
events acquired at these different voltage conditions (N  90 for each point).  The duration of the 
translocation events decreased in increasing electric fields.  At higher fields the protein 
encounters a greater electrostatic force and therefore an increased velocity.  Shown in Figure 
3.14-B is a dynamic range of this event duration trend between 25-35 kV/cm.  Events driven 
using fields below 20 kV/cm were detectable, but the low signal to noise produced errors in the 
data analysis.  At electric fields 40 kV/cm, the events occurred too fast, making identification 
of the characteristic time points imprecise.   
The frequency of these stochastic events has also been analyzed as a function of the 
electric field strength.  Stochastic sensors detect events that occur stochastically in time because 
they are introduced to the sensing region by diffusion.  The nanopore device was designed such 
that greater than 99.99% of the electric field is dropped across the nanopore sensing region as 
oppose to the cis and trans reservoirs of buffer.  Beyond a critical distance from the nanopore, 
the analyte is randomly diffusing in solution.  The electric field dropped across the nanopore 
extends in hemispherical profile away from nanopore.  The point at which the molecule 
transitions from diffusive motion to electrokinetic mobility known as the capture radius, r
*
, will 
depend on the apparent electrokinetic mobility of the analyte and the electric field.  The capture 
radius of an electrified nanopore increases with the transmembrane electric field
81,82
 thereby 
increasing the frequency of stochastic events (Figure 3.14-C).  The occurrence of these 
translocation events or real-time capture was, unfortunately, not observed within the biotinylated 
nanopores.  Recent developments in the literature, however, offer suggestions for accomplishing 
this real-time nanopore biosensing. 
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Rant et al. have developed a method to selectively and reversibly detect proteins using 
chemically modified nanopores.
83
  By regulating the concentration of the receptor molecules 
within an ethylene glycol mixture, a single receptor was placed within the lumen of a solid-state 
nanopore (Figure 3.15-A).  Using a single nitrilotriacetic acid (NTA) site, Rant et al 
accomplished selective, single molecule capture of His6 – tagged proteins (Figure 3.15-B).  The 
presence of multiple binding sites within the nanopore has been shown to increase the noise and 
overlap of signal response,
50,84
 inhibiting the single molecule detection observed by Rant et al.  
Reversible capture and release of the His-tagged proteins could be accomplished on short time 
scales (< 1 s).  In contrast, the use of the streptavidin – biotin complex created irreversible 
bonds,
84
 which required the application of large forces to induce dissociation (30 minutes at 1.1 
MV/cm), reducing the frequency of binding occurrences that can be observed in real-time.   
3.4 Conclusion 
The present work has demonstrated the fabrication and functionality of a nanopore 
biosensor using the streptavidin – biotin affinity binding complex.  Within these devices, 
conductometric responses were observed for nanomolar concentrations of analyte.  Biotinylation 
of the nanopore selectively targeted signal transduction of biotin – binding proteins (streptavidin 
and captavidin), whose capture was indicated by a significant reduction in ionic conductance in 
high ionic strength buffer.  The negative control ovalbumin demonstrated no effect on the ionic 
conductance compared to the target molecules.  While real-time observation of this capture was 
not observed, native surface nanopores were able to observe streptavidin transport with single 
molecule resolution.  These events followed expected trends in the translocation event analysis 
but failed to illuminate the reasoning behind the lack of real-time complex formation within 
nanopore biosensors.  Future efforts should control the number of active sites within the 
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nanopore sensing region and utilize reversible binding affinity groups to maximize the single 
molecule detection ability of the nanopore devices.   
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3.5 Figures and Tables 
 
 
FIGURE 3.1: ELISA immunoassay approaches.  A.) In a direct assay the antigen is deposited on a substrate, often using non-specific 
adsorption.  A signal generating enzyme is conjugated to the primary antibody and introduced to the antigen surface.  Some antibody 
is then complexed at the surface, while the unbound antibody is washed away.  The catalyst substrate is then introduced to the enzyme 
which produces a signal commensurate with concentration of the antigen at the surface.  B.) Indirect capture assays, in contrast, bind 
the antibody to the surface.  The antigen solution can then be captured at the surface.  Using a secondary complex (i.e. streptavidin – 
biotin), the signal is indirectly determined from the secondary antibody which is conjugated to the enzyme.  Reproduced from 
Reference 14. 
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FIGURE 3.2: Nanopore holder designed by associates at Nabsys Inc.  A.) As shown in this schematic, the nanopore was sandwiched 
between two o-ring gaskets with equal pressure applied across the edge of the circular chip to create the gigaohm or greater seal across 
the membrane.  Coaxial tubing was used to exchange buffer solutions within the system.  The inner tubing introduced new solution, 
while the outer tubing emptied to waste.  The Ag/AgCl electrodes and sample exchange valves were connected on each side of the 
nanopore using a cross junction.  B.) The actual system is shown in the photograph on the right.   
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TABLE 3.1: Etch rate of low-stress, non-stoichiometric silicon nitride used to fabricate 
nanopores.  Initial film thickness was determined by piezoelectric monitoring during film 
deposition.  Final film thickness determined using variable angle spectroscopic 
ellipsometry. 
 
 85% H3PO4 
160C 
(nm/min) 
40% KOH 
75C 
(nm/hour) 
Initial Film 
Thickness 
(nm) 
Final Film 
Thickness (nm) 
PECVD 10 5 60 30-35 
LPCVD  
(Rogue Valley 
Micro Devices) 
 
2.2 
 
0.5 
 
59.5 
 
54-56 
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FIGURE 3.3: Silicon nitride membranes were batch processed using selective etch 
methods explained in Chapter 2.  A.) The design used in the previous chapter for PECVD 
deposited nitride presented challenges for LPCVD deposited nitride film.  See text for 
details.  B.) Residual silicon nitride debris was observed in low magnification bright-field 
images, which led to unstable quiescent ionic conductance.  C.) A simple alternation to 
the mask design provided more exposure to the gaps between the chips.  This change 
along with an increase in the number of wash steps provided a clean membrane (right, 
low magnification bright-field image), in which the nanopore would be milled. 
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FIGURE 3.4: The two-step modification was monitored using the ionic conductance 
(native dimensions 8 nm x 30 nm).  A.) Native ionic conductance through the FEB milled 
nanopore was ohmic in nature.  B.) The nanopore was locally aminated using 3-
aminopropylchlorosilane (3APS).  The localized positive charge of primary amine 
created preferential flux of the background electrolyte, resulting in a rectified ionic 
conductance profile.
55
  Line is only used to guide the eye.  C.) Subsequent biotinylation 
using EZ-LINK NHS Biotin restored ohmic behavior and resulted in an overall lower 
conductance due to the reduce nanopore diameter.  D.) Assuming a cylindrical nanopore 
the final channel conductance was commensurate with a nanopore with a diameter of 5 
nm.  This value is in agreement with the length of the 3APS-Biotin monolayer. 
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FIGURE 3.5: A.) Streptavidin introduced to the 3APS – Biotin modified nanopore 
(native dimensions 10 nm x 30 nm) induced total occlusion of the ionic conductance 
(green).  Dissociation of the streptavidin molecule was then driven using a high electric 
field resulting in regeneration of the ionic conductance (red).  B.) A simplified circuit of 
the resistance across the nanopore system (omitting membrane capacitance) was used to 
determine the force used to dissociate the streptavidin complex.  
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FIGURE 3.6: Ovalbumin introduced to the nanopore induced little change to the ionic 
conductance (purple).  Subsequent exposure to streptavidin induced total occlusion (open 
black square) of the ionic conductance demonstrating both specificity and regeneration of 
the biotin surface after the 1.1 MV/cm electric field. 
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FIGURE 3.7: The ionic conductance through a 3APS modified nanopore (native 
dimensions 10 nm x 30 nm) was unstable in aqueous conditions over time.  The ionic 
conductance used to characterize these modified nanopores eventually returned to the 
native surface conductance within a week.   
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FIGURE 3.8: A.) Nanopores aminated using N-(6-aminohexyl)aminomethyl-
triethoxysilane (N6AS) was monitored using ionic conductance (native dimensions 25 
nm x 56 nm) before and after exposure to water heated to 40C.  See text for details.  B.) 
Biotinylation of the nanopore subsequently decreased the ionic conductance as observed 
in previous 3APS modified nanopores.   
  
117 
 
 
 
FIGURE 3.9: Captavidin was captured with the N6AS – biotin modified nanopore (native 
dimensions 25 nm x 56 nm).  In the high ionic strength buffer (1 M KCl, 50 mM 
cacodylate, and pH 5) induced a drop in ionic conductance (solid red line).  Captavidin, 
in contrast to streptavidin, could then be dissociated by changing the ionic buffer 
conditions to pH 10.  The signal then returned to the conductance prior to captavidin 
capture.  Capture was repeated seven times within the same N6AS – biotin modified 
nanopore.  
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FIGURE 3.10: At pH 5.5 captavidin was specifically captured by the N6AS – 
biotinylated nanopore, inducing a significant suppression of the ionic conductance (blue).  
Ovalbumin was not captured within the biotinylated nanopore and had no significant 
effect on the ionic conductance (red). 
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FIGURE 3.11: A.) Single molecules of streptavidin were observed within native silicon 
nitride nanopores (10 x 30 nm, 1 M KCl, 50 mM Tris, pH 8). Despite the electrophoretic 
mobility of the negatively charged streptavidin (pI = 5.1), translocations were only 
observed when configured for electrosmotic transport (driven towards the cathode).  B.) 
In high ionic strength buffer (1 M KCl, pH 8) streptavidin molecules induced current 
blockades during their transport through the nanopore.   
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FIGURE 3.12: A-F.) The measurement of short duration signals was limited by the finite rise time of the filter, often distorting the 
reported magnitude and duration.  Pedone et al. have suggested methods to improve the measurement of these short term events and 
reconcile the reported values with the nominal value of the progenitor pulse signal.  This image has been reprinted from Reference 80, 
© 2009 American Chemical Society.  
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FIGURE 3.13 Translocation events acquired at 30 kV/cm were plotted using a custom MATLAB program which analyzed the events 
using conventional maximum amplitude (I) and t (s) methods (A-C) and the methods suggested by Pedone et al. (D-F).80  
Histograms were plot with a bin of 20.   
  
122 
 
 
 
FIGURE 3.14: Translocation of streptavidin molecules passing through a 10 nm x 30 nm 
pore in 1 M KCl, 50 mM Tris, pH 8 buffer were monitored over a range of electric fields.  
A.) The median event duration using the methods shown in Figure 3.12 (D) as a function 
of electric field.  B.) Event frequency as a function of electric field. 
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FIGURE 3.15: A.) A silicon nitride membrane has been chemically modified such that 
only one NTA receptor site is found within the nanopore lumen.  B.) The NTA 
selectively and reversibly interacts with His6-tagged proteins producing single molecule 
signatures with reaction kinetic information.  This image has been reprinted from 
Reference 83, © 2012 Macmillan Publishing Limited. 
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 CHAPTER 4 
REAL-TIME PROTEIN CAPTURE AND DETECTION  
USING SURFACE FUNCTIONALIZED NANOSLITS 
4.1 Introduction 
Nanofluidic devices have several properties that enable analytical applications not 
realized in microfluidic platforms.
1-5
  Similar to previously employed nanopores, 
nanochannels (> 150 nm in length) have high surface to volume ratios resulting in 
increased interaction between channel walls and analyte in free solution.  Contrary to 
nanopores, nanochannels can be more easily fabricated (often using wafer-scale 
processes), are more robust, exhibit lower capacitive noise, and offer more 
straightforward means for optical detection.
6-9
  In some cases, surface bound analytes can 
be detected using devices with a single nanometric dimension.
10,11
    
One-dimensional nanochannels (or nanoslits),
12,13
 can be fabricated using shallow 
microchannels with heights below 100 nm.  Production of these features is often 
accomplished using wet etching techniques, enabling batch processing and increased 
fabrication throughput.
11,12,14
  The ability to profile analyte induced surface property 
changes arises because the critical dimensions of the nanoslit are commensurate with the 
electrical double layer (EDL), diffusion length scales of small molecules, and molecular 
dimensions of biological macromolecules.
6,15-18
   
Specific Analyte Detection 
These systems are capable of targeting specific macromolecules of interest 
through surface modification of the nanoslit functional groups.
11,19,20
  Karnik et al. have 
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demonstrated the capture of streptavidin within biotinylated nanoslits using full coverage, 
as well as, more complex diffusion limited patterns.
10,11
  Surface modified nanoslits are 
capable of detecting the target analyte due to the finite size of the protein within a 
confined space and an increased surface charge density; both of which are discernible 
using ionic conductance (Gn).
11
  Schoch et al. have conducted similar work monitoring 
the streptavidin-biotin binding complex, but attempted to increase capture efficiency and 
saturate capture sites using pressure induced flow across the nanoslit.
21
  However, 
saturated coverage required relatively long experiment times (hours) and/or high analyte 
concentrations.  In both the works of Karnik et al. and Schoch et al., steady-state 
conductance measurements were obtained in which the analyte was introduced for a 
certain reaction time, unbound protein was removed, and a comparison was made to the 
baseline conductance.   
Detection of real-time complex formation (analyte in free solution) using nanoslit 
ion conductance has not been reported.  Durand et al. have shown real-time conductance 
transitions due to non-specific adsorption of BSA on the surface of nanoslits prepared in 
Pyrex® substrates.
12
  However, without specific surface targeting, analyte detection is 
indeterminate.  Additionally, without suppressing the native charge of the Pyrex 
substrate, distinction of the protein based on surface charge is difficult.  In contrast, the 
present work demonstrates real-time capture of a specific analyte using an affinity 
binding probe.  Real-time observations could increase experiment efficiency (detectable 
differences in seconds versus hours) and provide information about the capture reaction 
kinetics.  Steady-state measurements (no analyte in free solution) were also observed for 
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the purpose of comparison to previously reported conductance trends and confirmation 
that real-time response is due to analyte capture.
11,21
  
Streptavidin – Biotin Complex 
Streptavidin – biotin binding was chosen as a model system because it is a well-
understood system with high binding affinity and fast reaction kinetics (Table 4.1).
22-26
  
Extensive hydrogen bonding, van der Waals forces, and structural compatibility make the 
streptavidin-biotin interaction one of the strongest non-covalent bonds observed in 
nature, with a dissociation constant (KD) of ~10
-14
 M.
27-29
  Traditionally, harsh acidic 
conditions were employed to disrupt the streptavidin-biotin complex, often at the cost of 
denaturing the protein.
30,31
  However, recent studies have demonstrated thermal initiated 
streptavidin-biotin dissociation.  Complete release of the streptavidin-biotin complex has 
been shown within a second of exposure to pure water heated to 70C.27  By maintaining 
temperatures at or below 70C, streptavidin coated surfaces were able to reversibly 
capture and release biotin with negligible protein degradation.  Pure water is critical to 
bond rupture because the presence of salts stabilizes the complex and reduces release 
efficiency.
27,30
   
Regeneration of the biotinylated nanoslit by thermal dissociation provides a 
means for multiple experiments to be performed without the cumbersome process of 
recoating the nanoslit walls for each experiment.  Streptavidin has been captured and 
released from the biotinylated nanoslits following the protocol shown in Figure 4.1.  The 
use of streptavidin – biotin binding is prevalent in sandwich assays targeting a number of 
analytes.
32,33
  This capture/release sensing protocol could translate to indirect antigen 
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assays detection, while providing a method to controllably release the target molecule for 
later processes.   
Conductometric Nanoslit Sensing: A Method for Label-Free Detection 
Conventionally, affinity binding detection is accomplished using optical methods 
such as fluorescence microscopy, chemiluminescence, and chemifluorescence.
22,34-38
  
These techniques have demonstrated high sensitivity, selectivity when using multiple 
dyes, and multiplexed detection.
39,40
  Unfortunately, labeling dyes often alter the surface 
chemistry and natural activity of the labeled analyte, require lengthy and laborious 
labeling steps, and limit the number and types of molecules that can be analyzed.
41,42
  
Nanoslit conductance sensors offer label free detection with a sensitive picoammeter.  
Analyte response is directly measured as opposed to the indirect quantification of 
fluorescence measurements that are affected by the labeling and quantum efficiency of 
the dye.  The devices used in the present study utilize optically transparent substrates 
providing a means for optical microscopy when desired.  However, conductometric 
sensing does not necessitate transparency, thus broadening the spectrum of available 
substrates and designs.  Moreover, in the absence of bulky microscope optics, devices can 
more easily be interfaced with other technologies.   
When analyzing the ionic conductance, some prior knowledge of the target 
analyte is required.  Equation 4.1 describes the conductance of univalent ions through the  
nanoslit, 
                  
    
  
          
  
  
   (4.1) 
 
        GV         G 
where + and - are the cation and anion mobility, respectively; e is elementary charge; 
NA is Avogadro’s number; [Ion] is the ion concentration; wn, hn, and ln, are the channel’s 
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width, height, and length, respectively; opp represents the counterion mobility; and |s| is 
the magnitude of the surface charge density.
13
  Captured streptavidin offers two 
distinguishable responses to the ionic conductance, volumetric displacement (GV) and 
surface charge enhancement (G).  The weight of each conductance contributor (G 
versus GV) will vary as a function of buffer conductivity.   
To understand the dynamics of the nanoslit signal transduction, we return to the 
discussion of counterion density at the surface of two charged planes (Chapter 1).  
Simplifying the nanoslit sensing region, one can imagine two infinite planes, which each 
have a native surface charge.  Placing an electrolyte solution between these planes, 
counterions will aggregate through electrostatic attraction to the surface forming the 
Stern layer.
43,44
  The Stern layer electrostatically attracts its own counterions to form the 
EDL.
16
  The electrostatic forces of the EDL decay in a pseudo – exponential manner for a 
characteristic distance away from the surface known as the Debye length.
44
  Figure 4.2-A 
illustrates the extent of these electrostatic forces from the surface plane, using a 
simplified calculation for the Debye length (-1, in nanometers) in aqueous electrolyte 
solutions where  is the ionic strength of the buffer (Equation 4.2).43   
       
     
  
     (4.2) 
As the Debye length (-1)43 approaches the critical dimensions of the 
nanochannel, ionic conductance (G) becomes a function of the magnitude of the surface 
charge (|s|).
13-15
  At neutral pH, streptavidin carries a charge greater than that of the 
biotinylated surface.  In low ionic strength buffers (G >> GV), the unshielded surface 
charge introduced by captured streptavidin attracts more counterions into the nanoslit and 
increases ionic conductance (GStrept – GBlank = G > 0).  Alternatively, in high ionic 
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strength buffer, surface charge is shielded and EDL decay occurs more rapidly, meaning 
a short Debye length.  In the absence of the electrostatic interactions of the two charged 
planes, co-ions and counterions traverse the nanochannel length indiscriminately. Under 
these conditions and neglecting frictional forces, ion mobility is most similar to bulk 
solution and conductance scales as a function of ion concentration ([Ion]).  In high ionic 
strength buffers, volumetric constraints dictate the ionic flux (GV >> G), and captured 
streptavidin reduces the accessible volume of the channel decreasing the ionic 
conductance (GV < 0).   
4.2 Method 
Reagents 
Phosphate buffered saline (PBS) tablets purchased from Invitrogen were used to 
prepare all PBS buffer solutions.  All buffers were filtered using Anotop syringe filters 
(20-nm pore size, Whatman).  Streptavidin (Molecular Probes) and streptavidin Alexa 
Fluor 488 (Molecular Probes) were used as the target analytes.  Ovalbumin (Invitrogen) 
and ovalbumin Alexa Fluor 488 (Molecular Probes) were used as negative controls to 
demonstrate specificity of the modified nanochannel.   
Nanoslit Device Fabrication 
Nanoslit devices were fabricated using a two-step wet etching process  
(Figure 4.3).  Fused silica substrates coated with 1200 Å sputtered chromium and 
AZ1518 photoresist purchased from Telic Company were used for all devices.  Transport 
channels and the nanoslit features were exposed using a Heidelberg DWL 66FS laser 
lithography system.  Transport channels were patterned into the photoresist and 
developed using AZ400K developer.  Exposed chromium was etched to reveal the fused 
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silica substrate.  Trenches were then isotropically etched into the fused silica to a final 
depth of 5 m.45  The commercially provided photoresist was then removed.  A 50% 
(w/w) dilution of the Shipley 1813 photoresist in 1-methoxy-2-propyl acetate was spin 
coated using a Specialty Coating Systems spin coater (P6700) at 3000 rpm for 60 
seconds, resulting in a film thickness of 750 - 800 nm.  The nanoslit feature was then 
exposed using the laser lithography system, and the photoresist and chromium were 
selectively removed as before.  The exposed silica surface was then etched for 1 minute 
in 20:1 BOE, achieving a nanoslit depth of 45 nm.  All remaining chromium was 
removed, and AFM was used to profile the nanoslit dimensions.    Etched features were 
sealed with a quartz cover slip to form channels using a previously described fusion 
bonding protocol.
6
  Reservoirs were attached using Loctite epoxy.  All reported 
conductance values were acquired using a fused silica nanoslit with dimensions (height  
hn = 45nm, width wn = 7 m, length ln = 30 m), unless otherwise noted.   
Surface Functionalization 
Biotinylation of the quartz nanoslit devices was accomplished using biotin-PEG-
silane (BPS, MW: 3400 Da, Laysan Bio, Inc.).  A 5 mM solution of BPS was prepared in 
40C toluene.  The silane solution was pulled through the microchannels using a pressure 
differential while the chip was held at 70C for 1 hour.  The microchips were 
subsequently rinsed by pulling toluene for at least 30 minutes, flushed with ethanol, and 
then stored and operated in aqueous solutions.   
  
138 
 
Nanoslit Capture and Detection of Analyte 
Optical Detection 
Streptavidin Alexa Fluor 488 was introduced to biotinylated nanoslits for 1 hour.  
Unbound protein was then flushed away with multiple buffer exchanges using vacuum 
across the microchannels.  An electric field (~130 V/cm) was also applied across the 
nanoslit to evacuate any unbound protein from the nanoslit volume.  These experiments 
were conducted on an inverted fluorescence microscope (TE-2000, Nikon) at 100x 
magnification (NA 1.4 oil immersion, plan apochromatic objective) using an Intensilight 
mercury lamp excitation source (Nikon) filtered through a band pass filter (λexcitation = 475 
nm).  Fluorescence was collected through the objective, passed through a dichroic mirror 
and emission filter (λem > 496 nm) and imaged using an electron multiplying CCD camera 
(Photometrics Cascade II, 10 s exposure).  Experiments were repeated using ovalbumin 
Alexa Fluor 488, to demonstrate coating specificity.   
Ionic Conductance Detection 
The micro-/nanofluidic design used for this study is illustrated in  
Figure 4.4.    In this design, microchannels served only to transport analyte to the nanoslit 
region and were not themselves sensing components.  The microchannel and nanoslit 
dimensions were such that >99% of the voltage (V) was dropped across the nanoslit, 
thereby electronically isolating the nanoslit sensing region (Gn).  All conductance 
monitoring was accomplished using Ag/AgCl electrodes in reservoirs R1 and R2 (cathode 
and anode, respectively).  Buffer exchange was accomplished using vacuum (P) at the 
waste lines (W1 and W2).  Equal vacuum was applied across the opposing microchannels 
to avoid pressure induced flow across the nanoslit.
12
  Both (V) and (P) were 
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simultaneously applied for real-time measurements.  Steady-state measurements were 
monitored without P applied.  All analytes were introduced on a single side of the 
nanoslit (R1).   
Current measurements were performed using an Axopatch 200B patch-clamp, 
amplifier (Molecular Devices), capable of measuring pA currents at frequencies up to 
100 kHz.  Real-time observation of protein capture was performed with streptavidin 
solutions prepared in 0.01 PBS buffer (1.5 mM NaCl, pH 7) using an applied voltage of 
900 mV (~300 V/cm, unless otherwise noted).  At this electric field, bound streptavidin 
would experience an electrostatic force of ~10 fN, orders of magnitude below the shear 
rupture force of the complex (50-300 pN).
26,46
  Steady-state measurements of the nanoslit 
were measured using analyte free PBS buffer.  Once conductance measurements were 
completed, devices with captured streptavidin were flushed with water and immersed in 
Nanopure water (18 Mcm) at 70C for 20 minutes to regenerate the biotinylated 
surface (Figure 4.1D).
27
   
4.3 Results 
Nanoslit Sensor Fabrication 
Using wet etching, chips were batch processed (16 chips per 4” x 4” substrate).  
The chip design (Figure 4.3) yielded two individually addressable nanoslit features per 
chip, allowing two analytes to be targeted on a single chip.  Biotinylation of the 
negatively charged silanol surface reduced the native surface charge density and the 
available nanoslit volume.  Figure 4.5 illustrates the conductance changes observed 
across a range of buffer ionic strengths.  Conductance data were then fit using Equation 
4.1 (solid lines).  From these fits the channel height and surface charge were determined 
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for the native and biotinylated surface channel, hn = 45.8 nm, S = 15.0 mC/m
2
 and  
hn = 28.8 nm, S = 2.5 mC/m
2
, respectively.  The deviation observed in the native 
nanoslit at 15 M, has been observed in previous studies.3  At this buffer concentration, 
the Debye length is about twice the height of the nanoslit (Table 4.2).  Therefore there is 
significant EDL overlap, which restricts ion mobility.   
The height difference between the native and modified channel indicates a BPS 
coating with an effective thickness of 8.5 nm, which is comparable to the expected 
extension length of the BPS molecule.  In addition to offering resistance to nonspecific 
binding and minimizing steric hindrance at the surface of the nanoslit, the PEG linker 
also suppressed electroosmotic flow.
47
  Fluorescence microscopy confirmed that the neg 
charged streptavidin Alexa Fluor 488 (-1.61 e, pH 7)
25
 migrated towards the anode.   
Target Analyte Detection 
Confirming Functionalization 
The  use of an optically transparent substrate also enabled visual confirmation of 
nanoslit functionalization (Figure 4.6).  Fluorescently labeled streptavidin was selectively 
captured with homogeneous coverage across the full width of the nanoslit.  Figure 4.6-B 
shows the retained streptavidin after unbound protein was flushed from the nanoslit.  The 
selectivity of the surface interaction was demonstrated using fluorescently tagged 
ovalbumin.  Figure 4.6-C shows the detection of ovalbumin within the nanoslit.  
However, this unbound ovalbumin was easily flushed away with buffer indicating 
negligible non-specific binding (Figure 4.6-D).  While these nanoslit devices can be used 
to visualize fluorescently tagged analytes, surface interactions can be detected using ionic 
conductance exclusively.   
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Conductance Detection of Target Analyte 
Streptavidin capture was monitored under both GV (high ionic strength) and G 
(low ionic strength) conditions to determine the optimal conditions for conductometric 
sensing.  Figure 4.7 shows steady-state I-V traces acquired in both 1 PBS and  
0.01 PBS buffers.  In the high ionic strength buffer (1 PBS: 150 mM NaCl), a 
decrease in ionic conductance was observed after streptavidin has been bound to the 
surface, indicative of volumetric restriction (GV).  Exchanging out the high conductivity 
solution for the low ionic strength buffer (0.01 PBS, 1.5 mM NaCl) produced the 
opposite effect.  At pH 7, streptavidin has an effective charge of -1.61 e,
25
 introducing 
charge to the biotinylated surface and enhancing counterion conductance through the 
nanoslit (G).  Following the protocol illustrated in Figure 4.2, streptavidin capture and 
release was executed three times using the same biotinylated surface (Figure 4.8).  The 
expected conductance trends (GV<0 and G>0, respectively) were repeatedly observed 
(B – biotinylated surface, S – post streptavidin capture), demonstrating this device’s 
capability to detect streptavidin in either regime.   
In addition to the qualitative trends discussed above, Figure 4.8-B also 
demonstrates that greater sensitivity is achieved working in low ionic strength buffer  
(i.e. G dominates).  Based on the size of streptavidin (5.4 nm x 5.8 nm x 4.8 nm),
48
 the 
conductance model (Equation 4.1), and assuming maximum surface capture, the upper 
limit for %GV is estimated to be ~33%.  Signals shown in Figure 4.8 were acquired after 
10 minutes of analyte exposure and approach this value.  Nevertheless the G (red) 
response exceeds the volumetric response (blue) by 3-fold.  Equation 4.1 suggests the 
G magnitude would continue to increase with decreasing [Ion].  However, without 
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some ions to shield the negatively charged BPS surface, the nanoslit would experience 
significant EDL overlap (Table 4.2) and inhibit the negatively charged streptavidin from 
entering the nanoslit.  Therefore 0.01 PBS buffer was set as the lower limit for sensing 
using enhanced counterion conductance (G).   
Real-time Detection 
Using the 0.01 PBS buffer, real-time capture sensing was accomplished (Figure 
4.9).  Due to the dynamic nature of the experiment (i.e. simultaneous pressure differential 
and electric field application), conductance was initially monitored in the absence of the 
target analyte (Figure 4.9, black), which demonstrated no significant conductance shift.  
This absence of signal suggests the assumption of an equal pressure drop across the 
microchannels is valid (i.e., no streaming current) and provide a stable baseline for 
comparison.  Only in the presence of the target analyte were conductance enhancements 
observed.  The conductance increased to maximum values within seconds compared to 
minutes or hours of incubation time used in diffusion-limited, steady-state conductance 
measurements.
11,21
   
Figure 4.9 exemplifies the response of newly prepared BPS coatings compared to 
that of regenerated biotin surfaces.  Initial captures were consistently more responsive 
than subsequent traces.  After an initial capture (Figure 4.9, red dotted), the nanoslit was 
rinsed with Nanopure water, and the biotinylated surface regenerated at 70C.  
Successive captures exhibited similar conductance profiles; however, the overall G 
response was less than the initial capture.  Nevertheless, after this initial protein release, 
the G response was quantitatively reproducible (Figure 4.9, solid traces 1-3).  Figure 
4.10 shows the response of five subsequent streptavidin captures using the same coating.  
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Conductance after 30 seconds of analyte exposure reached GStrept = 158 ± 1 pS (N=5).  
From these values it appears reproducibility of the baseline current was the primary 
contributor to the G signal variance, GBlank = 117 ± 5 pS (N=5).  We hypothesize that 
run-to-run variance in the extent of thermally activated streptavidin dissociation explains 
this result. 
Release Efficiency 
At temperatures below 70C the biotin-streptavidin bond is capable of a reversible 
bond dissociation in Nanopure water.
27
  Inability to remove the protein from the nanoslit 
sensing region before the substrate cooled to room temperature could result in protein 
recapture.  Efforts to irreversibly release streptavidin as well as improve BPS 
regeneration efficiency were attempted using 85C water with limited success.  Figure 
4.11, shows a BPS coated device with low efficiency release at 70C water exposure.  
Recapture of the target analyte exhibits slower capture kinetics and a substantial decrease 
in the response magnitude (Figure 4.11-A, blue).  Elevation of the release temperature 
produced full recovery with reasonably good overlap to the initial trace (Figure 4.11-A, 
red and green).  However, continued use of the 85C protocol produced traces with 
declining capture capacity.  Contrary to the 70C capture (Figure 4.11-A, blue), Figure 
4.13–B traces exhibit a similar kinetic response but differ in the capture capacity, which 
suggests the degradation of the biotin coating and its activity at 85C.   
Real-time detection was also confirmed using established steady-state 
measurements (no pressure differential, analyte-free buffer).  In an effort to determine the 
origin of the response of BPS coating after the first streptavidin release (thermal 
degradation or incomplete streptavidin release), a newly BPS coating nanoslit was 
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subjected to the 70C treatment prior to protein interaction.  Despite the heat treatment, 
an initial capture of a 1 nM (< 6 molecules/ nanoslit volume) streptavidin sample 
produced a 43% (steady-state) conductance increase.  However, thermal dissociation only 
recovered 14% of the conductance.  The loss of sensitivity appears only after the 
introduction of streptavidin and not the 70C water treatment.  After this initial capture, 
capture became relatively reproducible even at low concentrations.  Figure 4.12 also 
illustrates the significance of suppressing baseline surface charge (and thereby G), for 
detecting low concentration analytes using surface charge enhancement effects.   
Dissociation efficiency has been shown to decrease in the presence of salts  
(>10 mM).
27
  In the present work, sensors were flushed for at least 20 minutes while 
monitoring channel conductance.  Chips were not submitted to the heat treatment until 
the conductance was below 10 pS.  The ability to vacate ions from these streptavidin 
coated nanoslits is resisted by the attractive forces that enable protein sensing.  Dominant 
electrostatic attractions enhanced by limited ion shielding coupled with the extensive 
EDL overlap found within nano-confined spaces hinder probe surface regeneration.  
Streptavidin release protocols were empirically optimized to account for these 
phenomena and a single coating was capable of reproducible capture for up to 14 trials.  
Concentration Studies 
Real-time capture events were observed for a range of streptavidin concentrations.  
Contrary to typical diffusion limited profiles,
49
 all conductance traces leveled off within 
seconds of analyte exposure and the G magnitude varied as a function to the analyte 
concentration as shown in Figure 4.13 (plotted on semi-log and log-log scale).  The data 
were fit to a power function associated with conductometric sensing, G=kcn, where k 
  
145 
 
and n are empirical calibration terms.
50,51
  The G at1 nM was comparable to the 
variance of the baseline conductance, and the log-log inset shows a break in the trend 
below 10 nM.  Therefore 1 nM was considered the limit of detection for capture/release 
experiments and beyond the dynamic range of the calibration.   
These data are shown again in Figure 4.13-B, where they are compared to the 
real-time adsorption response of BSA in a native Pyrex® nanoslit reported by Durand et 
al.
12
  In contrast to the device reported in the present work, Durand et al. monitored 
volumetric exclusion effects within high ionic strength buffers.  Similar to the findings 
shown in Figure 4.8-B, conductometric sensing was found to be most sensitive when G 
is dominant (low ionic strength buffer) compared to the GV dominant signal reported by 
Durand et al. at a similar analyte concentration.  More importantly, similarities were 
observed between the magnitudes of the two methods as a function of analyte 
concentration.  The comparable response seen in these two data sets suggests that the two 
sensing regimes (G and GV) are not fully decoupled within our system or that the 
response in each regime has a similar dependence on analyte concentration.  The dynamic 
nature of these real-time experiments coupled with the nano-confined environment may 
not permit surface charge to be an exclusive factor on the nanoslit conductance (Gn). 
Regeneration of the biotinylated probe surface could not be accomplished 
indefinitely.  After a terminal number of capture and release experiments (5-14 trials / 
coating), BPS coated sensors failed to respond in the presence of streptavidin and often 
exhibited considerable instability of the baseline conductance.  At this point, BPS 
coatings were removed by evacuating solutions from the micro-and nanofluidic channels 
and placing the fused silica chip in a 1000C furnace.  Once cleaned, a new coating could 
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then be deposited and experiments resumed.  The data points represented in Figure 4.13 
were collected over the course of two BPS coatings within the same nanoslit; and 
indirectly illustrate the reproducibility of the deposited coatings.   
Specificity 
To illustrate that the observed responses were due to selective capture and not to 
nonspecific adsorption and/or bulk conductivity effects, a non-biotin binding protein 
(ovalbumin) was introduced to the channel and the channel response monitored.  
Ovalbumin was chosen because of its similarities in size
52
 and isoelectric point (pI 4.9) to 
streptavidin (pI 5.1).  However, at neutral pH ovalbumin has a nominal -11e charge.
53
  
Therefore any adsorption and/or bulk solution conductivity contributions should produce 
a commensurately larger response compared to streptavidin.  Nevertheless, no significant 
response was observed from ovalbumin (Figure 4.14, blue).  Streptavidin (Figure 4.14, 
red) introduced to the same BPS coated nanoslit produced an enhancement event well 
above the baseline.   
Capture Kinetics 
The temporal resolution of analyte capture should provide information about 
capture kinetics within nano-confined spaces.  Ideal surface bound biomolecular surface 
reactions are often described using a pseudo-first-order rate equation (Equation 4.3), 
                                        
  
  
                            (4.3) 
         Capture     Release 
where 
  
  
 is the rate of specific binding, kon is the association rate, koff is the rate of 
dissociation, smax is the maximum number of available binding sites on the surface, s is 
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the number of occupied binding sites, and c is the concentration of target analyte in free 
solution.
54
   
The number of occupied binding sites increases in time, decreases the overall capture 
term, and increases the release kinetics until steady-state equilibrium is established, as 
quantified by the dissociation constant (   
    
   
 ).  Equation 4.3 can then be 
rearranged to Equation 4.4. 
  
  
                       (4.4) 
Assuming single exponential rate constants, this term asymptotically reaches steady-state 
capture as shown in Equation 4.5.
54
 
       
    
  
  
 
     (4.5) 
Assuming that the concentration, smax, remains constant throughout the capture/release 
protocol, seq should only vary as function of KD/c.  The streptavidin – biotin dissociation 
constant is orders of magnitude lower (KD ~ 10
-14
 M) than the concentrations represented 
in Figure 4.13.  At these concentrations steady-state equilibrium can be assumed, 
whereby seq = smax which should be proportional to a consistent G response independent 
of the concentration in free solution.  This expected response clearly contradicts our 
findings, where G does in fact vary as a function of concentration.  Our results coupled 
with the exhaustive times described by Schoch et al. needed to achieve saturated 
capture,
21
 suggest Figure 4.13 does not represent saturated coverage despite the 
asymptotic profiles observed after only seconds of protein introduction.   
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Pseudo-1
st
 order assumptions and limitations 
These ideal equations make assumptions that may not be applicable when 
capturing streptavidin within a nanoslit sensor, but they give us the basis from which to 
build an understanding of the reaction kinetics that are occurring within this dynamic 
system.  One assumption is that the concentration of the target analyte is constant.  
Within the present work, attempts to maintain a constant concentration were made by 
using consistent P across the microchannels and driving electrokinetic transport across 
the biotinylated nanoslit.  Within nano-confined spaces, electrostatic interactions 
introduced by captured protein may induce repulsive forces, in addition to the steric 
hindrance brought about by the volumetric constraint of the complex formation.  Each of 
these factors would have an increased effect as the bulk concentration is increased and 
are not accounted for in pseudo-1
st
 order equations.  
Another assumption is that the capture term is proportional to the concentration of 
analyte in free solution, meaning the rate constants are single exponentials.  Under these 
conditions, diffusion limited binding should be observed and the conductance should 
reach a common saturation point while the time it takes to reach this steady-state 
condition would scale inversely to the bulk concentration.
49,55-57
  This single exponential 
rate assumption neglects effects from mass transport limitations, multiple binding sites of 
the analyte, and surface heterogeneity.
54
  Using wild-type streptavidin, the single 
exponential rate constant is likely an approximation, given that wild-type streptavidin is a 
tetramer with biotin binding sites within each of its subunits.
29,48
  Therefore, site 
occupation should not scale 1:1 for each streptavidin molecule.  Furthermore, the BPS 
coating used has a triethoxy silane capable of polymerized silanization.
58
  This 
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polymerization and the flexible nature of the PEG linker (>60 ethylene oxide units) can 
result in an inhomogeneous binding matrix.  Such inhomogeneity has also been shown to 
significantly affect mass transport.
54
 
Capture versus Electrokinetic Force 
The discussion above highlights the unexpected concentration dependent G 
response.  Another result counter to expectations from the diffusion-limited model is the 
similar temporal response of the nanoslits, irrespective of streptavidin concentration.  
Similar conductance time profiles have been observed previously using steady-state 
methods at varying time points.  Schoch et al. argued that the use of pressure induced 
flow created a shear force affecting the equilibrium between association and 
dissociation.
21
  They claimed that because of the shear force, streptavidin was capable of 
weak bond associations and/or non-specific binding despite the high binding affinity of 
the biotin-streptavidin complex.  Also the variation observed in the saturated capture was 
believed to be due to replenishment of the nanochannel volume with fresh streptavidin, 
which would decrease with analyte dilution.
21
   
Within the present work, baseline conductance profiles demonstrated an 
insignificant pressure induced flow across the nanoslit, which would manifest as a 
streaming current.
59
  Ruling out pressure induced shear force, the electric fields used 
within this work exert a force (7-15 fN for 280-520 V/cm, respectively) orders of 
magnitude below the force of the biotin streptavidin bond (50-300 pN).
26,46
  To 
investigate the effects of the electrokinetic force on the capture profile, streptavidin 
introduction during the application of a voltage program was monitored.  The program 
consisted of a voltage step every ten minutes to allow for stabilization of the 
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conductance.  Voltages was stepped first in descending and then in ascending order to 
probe the effects of the electric field on both the kon and koff rate constants and determine 
the possibility of shear force-induced inhibition of complex formation or promotion of 
complex dissociation.  Figure 4.15 suggests a slight improvement in the G response as 
the electric field was decreased.  This suggests that as the velocity of streptavidin 
migration decreases, it is more effective at locating and binding to an open capture site on 
the nanoslit surface.  As the voltage is ramped back up, the conductance does not shift 
significantly, demonstrating the strong affinity bond formation.  This experiment was 
repeated at different streptavidin concentrations (Figure 4.16) to determine if the 
electrokinetic force applied significantly affected the concentration trends in nanoslit 
response discussed earlier.  Despite introducing the streptavidin at a broad range of 
velocities for the extended duration of the experiment (~ 2 hours), the conductance values 
never reach a concentration-independent value as expected in the diffusion limited model 
and have a G=kcn dependence on the streptavidin concentration (Figure 4.16-B).  Both 
the k and n are calibration terms, which are expected to shift as experimental parameters 
such as introduction velocity and duration change.   
While streptavidin-biotin binding is known to occur rapidly and irreversibly,
22
 it 
is conceivable that there is an equilibrium between captured and transient protein in 
nanofluidic environments.  Given the nanometric constraints of the sensor, diffusion of 
streptavidin across the height of the nanoslit is rapid.  However, mass transport of 
streptavidin to the surface is affected by analyte-wall electrostatic interactions and 
longitudinal analyte velocity along the nanoslit.  The BPS coated chips have an effective 
wall charge density of -2.5 mC/m
2
.  At 1.5 mM ions (0.01 PBS), the Debye length is 
  
151 
 
approximately 8 nm, extending into the nanoslit volume and repelling the negatively 
charged streptavidin from the terminal biotin surface during the initial introduction of the 
protein.  Additionally, streptavidin-biotin complex formation introduces its own steric 
and electrostatic interactions.  The conductance curves (e.g. Figure 4.9, 4.11) show an 
inflection in the response to streptavidin introduction, which may be indicative of a 
dynamic shift in the sensing region.   
4.4 Conclusion 
Nanoslit devices are capable of capture and detection of target proteins using 
tailored surface modification.  Ion conductance provides a label-free detection method 
capable of interrogating analytes based on size and charge.  While the present work 
describes a label-free detection method, the use of optically transparent substrates affords 
integration of optical and conductive measurements when desired.  Real-time 
observations of this capture response have been demonstrated.  Real-time capture 
observations may hold information about affinity binding kinetics within nanoconfined 
spaces.  Signals leveled off within seconds of analyte exposure, expediting the sensing 
time.  The implications of these reaction kinetics have been briefly discussed.  While 
pseudo-first order kinetics offer a basis for understanding surface binding, these 
arguments are complicated by the dynamic nature and highly confined environment of 
these experiments.   
Using a streptavidin-biotin model, temperature controlled bond rupture was used 
to regenerate the biotinylated surface for further capture.  The use of streptavidin-biotin 
binding in indirect assays is prevalent in the literature.
32,33,37,38
  Further developments of 
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this strategy could translate to more complex sandwich assays capable of analyzing a 
wide variety of antigen-antibody complexes without the necessity of optical microscopy.    
  
153 
 
4.5 Figures and Tables 
TABLE 4.1: Analyte parameters.  
*
Assumes maximum capture density within a neutral 
pH buffer.   
 
Streptavidin (54 kDa) 
Dimensions from crystal structure
48
 5.4 x 5.8 x 4.8 nm 
Isoelectric point 5.1 
Effective charge at pH 7 
25
  -1.61 e 
Diffusion coefficient (D)
60,61
  6.2 x 10
-7
 cm
2
s
-1
 
Electrophoretic mobility -3.9 x 10
-5
 cm
2
V
-1
s
-1
 
Linear velocity at 300 V/cm -0.012 cm/s 
Streptavidin – Biotin Complex 
Surface charge density -5.6 mC/m
2*
 
Binding rate
22
 3.0 x 10
6
 – 4.5 x 107 M-1s-1 
Dissociation constant
27
 ~ 4 x 10
-14 
M 
Ovalbumin (45 kDa) 
Dimensions from crystal structure
52
 7.1 x 8.7 x 10.4 nm 
Isoelectric point
53
 4.9 
Effective charge at pH 7 
53
 -11 e 
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FIGURE4.1: Schematic of the sensing protocol.  A.) The biotinylated nanoslit ionic 
conductance is measured.  B.) The current is monitored as streptavidin solution is 
introduced to the biotinylated nanoslit.  C.) The nanoslit is flushed with buffer for >20 
minutes to remove unbound protein.  The effect of the bound streptavidin on the ionic 
conductance is measured.  D.) The streptavidin is thermally dissociated from the nanoslit 
surface by placing in 70C Nanopure water.  Once the probe surface has been 
regenerated, the surface is ready for further capture. 
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FIGURE4.2: A.) Illustration of EDL overlap within a 45-nm quartz nanoslit at 1 PBS 
(blue,  = 150 mM), 0.1 PBS (yellow,  = 15 mM), 0.01 PBS (green,  = 1.5 mM),  
10
-3 PBS (red,  = 150 M), and 10-4 PBS (black dotted,  = 15 M).  B.) Biotin-
PEG-Silane modified nanoslit.  C.) The approximate scaling of captured streptavidin 
molecule (blue) compared to negative control, ovalbumin (dotted circle) as it scales to the 
BPS coated nanoslit. 
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FIGURE 4.3: Fabrication schematic describing the two-step wet etch process.  A.) The 
laser lithography system (“laser writer”) is used to define the microchannel pattern.  The 
exposed photoresist is removed to reveal the protective chromium layer.  The chromium 
is then etched in the exposed regions to reveal the underlying fused silica surface.  Five 
micron trenches are then etched into the fused silica using 5:1 buffered oxide etch (BOE).  
B.) A new layer of photoresist film is deposited, and the nanoslit features are patterned 
using the laser lithography system.  Similar to before, the photoresist and chromium are 
removed.  A shallow nanoslit is etched in the exposed regions using 20:1 BOE.  C.)  All 
of the chromium is then removed, and the nanoslit dimensions are profiled using an 
AFM.  Openings are then powder blasted through the substrate to create access points for 
fluid exchange.  The trench features are then sealed with a quartz substrate to create 
channels.  Reservoirs are attached to contain the experimental buffers. 
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FIGURE 4.4: A.) The nanoslits were patterned in a 1”x1” chip design providing two 
individually addressable nanoslit features.  B.) A single nanoslit was etched between two 
opposing microchannels.  The shallow nanoslit dimensions restricted the channel 
conductance such that >99% of the voltage was dropped across the nanoslit, 
electronically isolating the nanoslit sensing region from the microchannel conductance.  
C.) All conductance measurements were made across the nanoslit using reservoirs R1 and 
R2.  The analyte was introduced on a single side of the nanoslit (R1), and the voltage 
biased to drive the analyte towards the anode (R2).  All of the buffer exchange was 
accomplished using vacuum applied to the waste lines (W1 and W2).   
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FIGURE 4.5: Conductance of native and biotinylated nanoslit.  The conductance of the 
biotinylated nanoslit is lower due to the volume displacement caused by the coating 
thickness, in addition to the decrease in surface charge density.  The data were fit using 
Equation 4.1 (solid).  The native nanoslit conductance at 15 M (10-4 PBS) was omitted 
in the determination of the channel height and surface charge.  See text for details. 
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TABLE 4.2: Nanoslit sensing parameters, conditions, and critical dimesions. 
 
Buffer Conditions 
Cation
12
 Na+,  = 5.19 x10-8 m2V-1s-1 
Anion
12
 Cl-,  = 7.91 x10-8 m2V-1s-1 
 Debye Length (nm) 
1 PBS ( = 150 mM) 0.8 
0.1 PBS ( = 15 mM) 2.5 
0.01 PBS ( = 1.5 mM) 7.8 
10
-3 PBS ( = 150 M) 24.8 
10
-4 PBS ( = 15 M) 78.5 
Nanoslit Sensor 
 Dimensions (h x w x l) Surface Charge Density 
Native 45 nm x 7 m x 30 m -15 mC/m2 
BPS functionalized 29 nm x 7 m x 30 m -2.5 mC/m2 
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FIGURE4.6: Images acquired at 100x magnification of nanoslit with dimensions  
(h = 45 nm, w = 6.7 m, l = 110 m).  A.) Optical transparency of the device provides a 
means for visual inspection of the nanoslit (bright field image).  B.) After unbound 
protein had been rinsed from the nanoslit, captured streptavidin Alexa Fluor 488 was 
retained at the surface of the BPS coated nanoslit.  C.) Fluorescently labeled non-biotin 
binding protein (ovalbumin) was likewise introduced to the BPS nanoslit.  D.) The 
unbound ovalbumin was easily flushed away with buffer, demonstrating the specificity of 
the BPS coated channel.   
  
  
161 
 
 
 
 
 
FIGURE 4.7: Streptavidin capture within a biotinylated nanoslit.  The steady-state 
conductance of a BPS coated nanoslit was measured before and after incubation with 
streptavidin.  Within the respective buffers (0.01 PBS or 1 PBS), the I-V plots exhibit 
the expected G response demonstrating the ability of the nanoslit device to probe both 
G or GV dominate regimes.  Lines are used only to guide the eye. 
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FIGURE 4.8: Regeneration of the biotin probe surface enabled repeat capture of the 
streptavidin target and was detectable using ion conductance.  The post capture 
conductance was measured after 10 minutes of analyte exposure and 20 minutes of buffer 
rinse to remove any unbound streptavidin.  A.) At low ionic strength (red: 0.01 PBS, 
1.5 mM ions), the conductance repeatedly demonstrated conductance enhancement after 
streptavidin capture.  At high ion strength (blue: 1 PBS, 150 mM ions), where surface 
charge is shielded and the conductance is due to geometric constraints, captured 
streptavidin decreased ion conductance. B.) Quantitative comparison of conductance 
change,     
              
      
, revealed a higher relative response from surface charge 
effects than volumetric effects.  The error bars reflect the noise in the measured ionic 
conductance. 
  
A. 
B. 
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FIGURE 4.9: Real-time observation of streptavidin capture using a BPS coated nanoslit 
in 0.01 PBS.  The initial capture (red, dotted) was consistently more sensitive then 
subsequent traces.  However, subsequent captures (solid) were reproducible.  In the 
absence of a biotin-binding protein, the conductance exhibited negligible signal change 
(black, solid). 
  
   
              
      
  
GStrept 
GBlank 
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FIGURE 4.10: Real-time response to streptavidin captured (red) from a 284 nM solution, 
GStrept = 158 ± 1 pS.  Blanks were acquired before each capture experiment (blue), GBlank 
= 117 ± 5 pS, suggesting error in G from run-to-run stems from the thermal 
regeneration of the BPS coating. 
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FIGURE 4.11: A.) Real-time observation of streptavidin capture using either 70C or 
85C thermal regeneration of the BPS active cites (channel length = 46 m).  After the 
70C treatment, both capture rate and capacity had decreased suggesting unreleased 
protein.  Using the 85C thermal treatment, capture capacity had been fully restored.  B.) 
Despite the full recovery observed in part A., continued use of the 85C thermal 
dissociation produced declining capture capacity suggesting degradation of the biotin 
coating.   
  
A. 
B. 
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FIGURE 4.12: Steady-state conductance was measured after 10 minutes of streptavidin 
exposure and 20 minutes of buffer rinse to remove any unbound protein within a device 
that has been exposed to the 70C treatment prior to any capture.  Heat treatment of the 
BPS coating prior to streptavidin capture does not affect the difference observed in the 
initial capture response versus subsequent captures.   
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FIGURE 4.13: A.) Real-time capture response has been plotted as a function of 
streptavidin concentration.  The inset shows the data plotted on a log-log scale.  Each 
point represents the signal magnitude after 30 seconds of analyte exposure.  The error 
bars represent the standard deviation of 2-5 experiments for each streptavidin 
concentration.  The data has been fitted to a power function illustrating an approximately 
square root dependence of the conductometric response on analyte concentration.  B.) 
The magnitude of the G  between our work (real-time specific capture using low ionic 
strength buffer, red) exhibits a similar relationship to the magnitude of the G caused by 
non-specific BSA adsorption monitored within a high ionic strength buffer (Durand et 
al).
12
A. 
B. 
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FIGURE 4.14: A non-biotin binding protein, ovalbumin (blue), produced negligible 
signal variation within the biotinylated nanoslit.  The signals from streptavidin (red) and 
analyte-free buffer (black) are also shown for comparison. 
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FIGURE 4.15: Real-time observation of streptavidin capture over a range of 
electrokinetic velocities (channel length = 19 m).  Capture improves slightly as the 
voltage is decreased.  However, as the voltage is increased from the minimal value, the 
conductance remains stable, suggesting high affinity binding.   
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FIGURE 4.16: A.) Real-time capture observation as function of streptavidin 
concentration introduced to the BPS nanoslit over a range of electrokinetic velocities 
(channel length = 19 m).  Conductance profiles do not converge to a common capture 
response despite the lower flow velocity or extended incubation time.  The order of 
experiments was as follows: 125 nM (blue), 500 nM (green), and 250 nM (red). B.) The 
conductance response at the center of the voltage program (280 V/cm) has been plotted as 
a function of streptavidin concentration.   
 APPENDIX A: MATLAB PROGRAMMING – TRANSLOCATION FINDER 
%% TRANSLOCATION FINDER PROTEIN 
clear; %clear workspace 
clc; %clear command window 
tic % start timer 
 
%% Variables 
delta=75; %min difference in pA below b_line to be defined as event 
b_std=18; %baseline standard deviation 
min_pts=1; %min # of event pts 
max_pts=100000; % max # of event pts 
min_amp=5;%min accepted amplitude 
max_amp=300;%max accepted amplitude 
dt=1E-6; %1/collection frequency 
b_pts=1000; % number of points to define baseline of each event; 
x_std=60; % extreme stdev, trash file because of significant drift 
  
Enhancement_events = true; %Negate events to downward facing events 
filter_tieredevents=false; %True if you would like to distinguish between tiered and 
single-step event; else false 
view_events = false; %Displays events as they are being recorded 
Save_Data=false; %True if you would like to save the data automatically 
 
%% 
Translocations=[]; 
SS=[]; 
 
if filter_tieredevents 
    TR=[]; 
    Translocations_TR=[]; 
end 
files = dir('*.txt'); % Import directory filenames 
 
for n=1:length(files) % Intiate looop thru filenames 
     
    A=[]; 
    A=[A; dlmread(files(n).name)]; % Read each into matrix 
    x=A(:,1); % define time series 
    if Enhancement_events 
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        v=-A(:,2); % define current value 
    else 
        v=A(:,2); % define current value 
    end 
    b_line=mean(v); %mean baseline 
     
    event=v<=(b_line-(delta-b_std)); % define events, logical output 
    if view_events 
        figure(1) 
        hold on 
        plot(x, event.*v,'r*'); 
        plot(x,v,'b-'); 
        hold off 
    end 
    event_zero=[0; event]; % event(n+1) 
    event_zero(end)=[]; 
    event_id=cumsum((event-event_zero==1)).*event; %Index events using cummlative  
    sum of diff(n) --> n-(n-1) shift 
     
    nn=1; 
     
    if std(v)<x_std && sum(event)~=0 %excludes files with with drastic baseline  
    departure 
         
        for m=1:max(event_id) %Loop through the # of events detected 
             
            if m==nn 
                z=event_id==nn; %define indices of event(m) 
                z_0=[0;z]; 
                z_0(end)=[]; 
                j=z-z_0==1; %true for on the first pt of the event 
                k(:,1)=1:length(j); %indice counter 
                kk=j.*k; %index of event's 1st point 
                kk=kk(kk~=0); 
                h=~event.*v; %every point other than event locations 
                g=[(sum(kk)-b_pts):(sum(kk)-1)]'; 
                if g >0 
                    pre_line=mean(h(g)); %mean of baseline a points before the event 
                     
                    vv=v.*z; %event current values 
                    vv=vv(vv~=0); %remove zeros 
                    xx=x.*z; %event time values 
                    xx=xx(xx~=0); %remove zeros 
                    eventstart_xx = x(kk); 
                    xx_peak=xx(vv==max(vv)); 
                    c_Duration_ss(m,1)=xx_peak(end)-eventstart_xx; 
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                    if numel(vv)>=10 
                        c_Ampslope_ss(m,1)=-(vv(4)-vv(1))/(xx(4)-xx(1)); 
                                                 
                        %                         event_ss=vv*(std(vv)<(2*b_std)); 
                        %                         xx_ss=xx*(std(vv)<(2*b_std)); 
                        Amplitude_ss(m,1)=pre_line-mean(vv); %Calculate amplitude of single- 
                        step event in picoamps, array 
                        starttime_ss(m,1)=min(xx);%event start 
                        endtime_ss(m,1)=max(xx); %event end 
                        Duration_ss(m,1) = endtime_ss(m,1)-starttime_ss(m,1); %duration of  
                        event in seconds, vert. array 
                        ECD_ss(m,1)=sum(vv*dt);% area of event in kiloelectrons, vert. array 
                        File_num_ss(m,1)=n; % file num, vert. array 
                        Event_num_ss(m,1)=m; %event_num, vert. array 
                         
                        SS(m,1)=[File_num_ss(m)]; %compile event identities into horiz. array 
                        SS(m,2)=[Event_num_ss(m)]; 
                        SS(m,3)=[Amplitude_ss(m)]; 
                        SS(m,4)=[Duration_ss(m)]; 
                        SS(m,5)=[ECD_ss(m)]; 
                        SS(m,6)=[c_Ampslope_ss(m)]; 
                        SS(m,7)=[c_Duration_ss(m)]; 
                         
                        if filter_tieredevents 
                             
                            event_tr=vv*(std(vv)>=(2*b_std)); 
                            xx_tr=xx*(std(vv)>=(2*b_std)); 
                            Amplitude_tr(m,1)=mean(event_tr)-pre_line; %Calculate amplitude of  
                            single-step event in picoamps, array 
                            starttime_tr(m,1)=min(xx_tr);%event start 
                            endtime_tr(m,1)=max(xx_tr); %event end 
                            Duration_tr(m,1) = endtime_tr(m,1)-starttime_tr(m,1); %duration of  
                            event in seconds, vert. array 
                            ECD_tr(m,1)=sum(event_tr*dt);% area of event in kiloelectrons, vert.  
                            array 
                            File_num_tr(m,1)=n; % file num, vert. array 
                            Event_num_tr(m,1)=m; %event_num, vert. array 
                             
                            TR(m,1)=[File_num_tr(m)]; %compile event identities into horiz. array 
                            TR(m,2)=[Event_num_tr(m)]; 
                            TR(m,3)=[Amplitude_tr(m)]; 
                            TR(m,4)=[Duration_tr(m)]; 
                            TR(m,5)=[ECD_tr(m)]; 
                        end 
                         
                        nn=nn+1; 
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                    end 
                else 
                    nn=nn+1; 
                end 
            end 
        end 
         
         
        Translocations=[Translocations;SS]; %concatenate each event into an array of data 
        SS=[]; %empty SS matrix for the next file 
        if filter_tieredevents 
            Translocations_TR=[Translocations_TR;TR];%concatenate each event into an  
            array of data 
            TR=[];%empty TR matrix for the next file 
        end 
    end 
end 
 
n_ss=size(Translocations); 
num_ss=n_ss(1,1); 
if filter_tieredevents 
Translocations=Translocations(Translocations(:,3)>=min_amp & 
Translocations(:,3)<=max_amp,:); %remove events with amplitudes below min_amp and 
above max_amp 
Translocations_TR=Translocations_TR(Translocations_TR(:,3)>=min_amp & 
Translocations_TR(:,3)<=max_amp,:); %remove events with amplitudes below min_amp 
and above max_amp 
    n_tr=size(Translocations_TR); 
    num_tr=n_tr(1,1); 
    Trans_total=num_ss+num_tr; 
    percent_tr=(num_tr/Trans_total)*100 
end 
  
if Save_Data 
    save('*.txt','Translocations','-ASCII', '-TABS') %save .txt of translocation data 
    if filter_tieredevents 
        save('*.txt','Translocations_TR','-ASCII', '-TABS') %save .txt of translocation data 
    end 
end 
toc %report elapsed time in seconds 
 APPENDIX B: MATLAB PROGRAMMING – EVENT ANALYSIS 
function [Event_hz]=EventAnalysis_protein_20130516(amp_bin, time_bin,w) 
 
%% Segment Event data 
amp_bin=amp_bin; %set number of bins for amplitude histogram 
time_bin=time_bin; %set number of bins for event duration histogram s 
ecd_bin=amp_bin; %set number of bins for ECD histogram 
a=w(w(:,3)>20 & w(:,3)< 2000 & w(:,4)>=5E-5 & w(:,4)<=5E-4 & w(:,6)>0 & 
w(:,7)>0,:);  %set acceptable ranges for amplitude and duration plot 
b=a(a(:,7)>0,:); 
aa=length(a); %number of acceptable events 
bb=length(b); 
kk=a(a(:,1)<=240, :); %find events occurring within 4 mins 
% zz=length(kk); %number of events occuring within 4 mins --> standard amp and 
duration 
jj=b(b(:,1)<=240, :);%find event occuring within 4 mins --corrected values of event slope 
and duration 
Event_hz1=length(kk)/240; %Event frequency (events/s)=hz 
Event_hz2=length(jj)/240; %Event frequency (events/s)=hz 
amp1=a(:,3); %amplitude data 
time1=a(:,4); %event duration data 
ecd1=a(:,5); %ecd data 
c_ampslp1=b(:,6); 
c_time1=b(:,7); 
  
amp_med=median(amp1); 
amp_mean=mean(amp1); 
amp_std=std(amp1); 
duration_med=median(time1); 
duration_mean=mean(time1); 
duration_std=std(time1); 
ecd_med=median(ecd1); 
ecd_mean=mean(ecd1); 
ecd_std=std(ecd1); 
c_ampslp_med=median(c_ampslp1); 
c_ampslp_mean=mean(c_ampslp1); 
c_ampslp_std=std(c_ampslp1); 
c_time_med=median(c_time1); 
c_time_mean=mean(c_time1); 
c_time_std=std(c_time1); 
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Analysis= []; 
Analysis= [amp_med, duration_med*10^6, ecd_med*10^3;amp_mean, 
duration_mean*10^6, ecd_mean*10^3;amp_std, duration_std*10^6, ecd_std*10^3] 
figure(2); %Selected to avoid overwriting event discovery plots 
 
%% Plot histograms: Single level and Tiered - Comment this section to omit tiered event 
%     amp2=w2(:,3); 
%     time2=w2(:,4); 
%     ecd2=w2(:,5); 
% 
%     subplot(231), hold on, hist(amp2,amp_bin); %amp histogram 
%     subplot(232), hold on, hist(time2,time_bin); %time histogram 
%     subplot(233), hold on, hist(ecd2,ecd_bin); %ECD histogram 
%     subplot(234), hold on, scatter(time2,amp2,'r*'); 
  
%     subplot(231), axis tight; %autofit axis 
%     subplot(232), axis tight; 
%     subplot(233), axis tight; 
%     subplot(234), axis tight; 
%     subplot(231), h = findobj(gca,'Type','patch'); %modify bar graph color 
%     set(h,'FaceColor','w','EdgeColor','r') 
%     subplot(232), h = findobj(gca,'Type','patch'); 
%     set(h,'FaceColor','w','EdgeColor','r') 
%     subplot(233), h = findobj(gca,'Type','patch'); 
%     set(h,'FaceColor','w','EdgeColor','r') 
% 
% 
%     subplot(231), hist(amp1,amp_bin); %amp histogram 
%     xlabel('Event Amplitude (pA)');       %  add axis labels and plot title 
%     ylabel('# of Events'); 
%     title('Amplitude Histogram'); 
%     legend('Tiered','Single Step'); 
%     subplot(232), hist(time1,time_bin); %time histogram 
%     xlabel('Event Duration (s)'); %  add axis labels and plot title 
%     ylabel('# of Events'); 
%     title('Duration Histogram'); 
%     legend('Tiered','Single step'); 
%     subplot(233), hist(ecd1,ecd_bin); %ECD histogram 
%     xlabel('Event ECD (ke)');       %  add axis labels and plot title 
%     ylabel('# of Events'); 
%     title('ECD Histogram'); 
%     legend('Tiered','Single step'); 
%     subplot(234), scatter(time1,amp1,'b*'); 
%     xlabel('Duration (s)');       %  add axis labels and plot title 
%     ylabel('Amplitude (pA)'); 
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%     title('Event Scatter Plot'); 
%     legend('Tiered','Single step'); 
 
%% Plot histograms: Short duration events (conventional & Pedone analysis method) 
Comment this section to omit 
subplot(231), hist(amp1,amp_bin); %amp histogram 
xlabel('Event Amplitude (pA)');       %  add axis labels and plot title 
ylabel('# of Events'); 
title('Amplitude Histogram'); 
%     legend('Single Step'); 
subplot(232), hist(time1,time_bin); %time histogram 
xlabel('Event Duration (s)');       %  add axis labels and plot title 
ylabel('# of Events'); 
title('Duration Histogram'); 
%     legend('Single step'); 
subplot(233), scatter(time1,amp1,'b*'); %ECD histogram 
xlabel('Duration (s)');       %  add axis labels and plot title 
ylabel('Amplitude (pA)'); 
title('Event Scatter Plot'); 
%     legend('Single step'); 
subplot(234), hist(c_ampslp1,amp_bin); 
xlabel('Event Slope (s)');       %  add axis labels and plot title 
ylabel('# of Events'); 
title('Onset Slope Histogram'); 
  
subplot(235), hist(c_time1,time_bin); 
xlabel('Event Slope (s)');       %  add axis labels and plot title 
ylabel('# of Events'); 
title('Duration* Histogram'); 
  
subplot(236), scatter(c_time1,c_ampslp1,'b*'); 
xlabel('Event Slope (s)');       %  add axis labels and plot title 
ylabel('# of Events'); 
title('Event Scatter Plot*'); 
 
%% Collect histogram values 
[amphist_y,amphist_x] = hist(amp1,amp_bin); %determine x-,y-values of histograms 
[timehist_y,timehist_x] = hist(time1,time_bin); 
amphist_y=[amphist_y]'; %transpose matrix 
amphist_x=[amphist_x]'; 
timehist_y=[timehist_y]'; 
timehist_x=[timehist_x]'; 
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% % Gaussian model fit: Comment the remainder of code to omit the model fit 
lcload amp_gauss1; %load Gaussian1 model 
load time_gaus1; 
options=fitoptions('Gauss1'); 
options.Lower=[0 -Inf 0 0 -Inf 0]; 
load diffdrift; %load Gaussian1 model 
options.Lower=[0 -Inf 0 0 -Inf 0]; 
amp_fit=fit(amphist_x, amphist_y,amp_gauss1); % fit Gaussian model using Jacabian 
matrix nonlinear least-squares fitting 
time_gaus=fit(timehist_x, timehist_y,time_gaus1); % fit Gaussian model using Jacabian 
matrix nonlinear least-squares fitting 
time_diffdrift=fit(timehist_x,timehist_y,diffdrift); 
subplot(231), hold on, plot(amp_fit); % overlapping plot of Gaussian model and amp 
histogram 
subplot(232), hold on, plot(time_gaus); % overlapping plot of Gaussian model and amp 
histogram 
subplot(233), hold on, plot(time_diffdrift); % overlapping plot of Gaussian model and 
amp histogram 
figure(2), hold off %turn off overlapping plot 
subplot(231), xlabel('Amp (pA)'), ylabel('Num of Events');%label x-,y-axis 
subplot(232), xlabel('Time (s)'), ylabel('Num of Events'); 
subplot(233), xlabel('Time (s)'), ylabel('Num of Events'); 
subplot(234), xlabel('Time (s)'), ylabel('Amp (pA)'); 
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